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PREFACE 



This book contains papers presented at the NATO Advanced 
Research Workshop (ARW) on Magneto-Optical Imaging held at the 
Hardangerfjord Hotel in 0ystese, Norway, in the period August 28-30, 
2003. See the web site, http://www.fys.uio.no/super/moiw 

Over the last decade the experimental abilities to directly visualize 
the static and dynamical magnetic behavior of materials have advanced 
enormously. To a large extent this is due to the progress in magneto-optical 
imaging (MOI) based on the Faraday effect in ferrite garnet films. 
Numerous are the recent publications demonstrating that magnetic processes 
on the scale of centimetres down to sub-microns can be followed over 
timescales from hours to nano-seconds. The results obtained by MOI are 
always very informative, giving space-resolved information where other 
methods give only a number. 

The main goal of this ARW was to bring together for the first time 
the vast majority of researchers working on all aspects of MOI, i.e., experts 
from the superconductivity, magnetism and material science communities, 
representing both fundamental and applied aspects of the research. To this 
end, the workshop was very successful gathering close to 70 participants 
from 13 countries. 

We are grateful for the financial support from the NATO Science 
Affairs Division, which made it possible to organize this workshop. 
Invaluable additional funding was given by the University of Oslo, the 
Department of Physics, and FUNMAT@UiO. We also wish to express our 
sincere appreciation to Melissa Bailey and Deirdre Morris for their 
assistance in organizing the Workshop. 
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TomH. Johansen 



Daniel V. Shantsev 
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PAVING THE WAY FOR THE SUCCESS OF 
MAGNETO-OPTICS 



Hanns-Ulrich Habermeier 

MPI- FKF, Heisenbergstr. 1, D-70569 Stuttgart, Germany 



Abstract Quantitative high resolution magneto-optical imaging of flux structures as 
developed in the period 1970-1980 gained much popularity after the discovery 
of high temperature superconductivity in cuprates. In this historical review the 
developments of the early days are described with applications of this 
technique to study flux penetration in type-I and the determination of pinning 
forces in type-II superconductors. 

Key words: flux penetration, quantitative magneto-optics, flux-line pinning 



1. Introduction 

The discovery of high temperature superconductors [HTS] generated an 
avalanche of interests in different fields of condensed matter physics 
including vortex matter physics. Especially in this field a plethora of new 
phenomena emerged partially based on the strong crystalline anisotropy of 
HTS materials, their short anisotropic coherence lengths and the much larger 
thermal energies involved as compared to the classical low Tc 
superconductors [SC]. Similarly to the investigations of the magnetic 
properties of classical SC’s there is a demand to complement information 
gained from bulk measurements including magnetization, magneto-transport 
and heat capacity by a microscopic picture of flux penetration, flux 
stmctures and flux dynamics. In this context the concepts developed during 
the ‘pre-HTS period’ to study flux properties locally deserve special 
attention. Prior to 1970 several approaches have been used to study flux 
stmctures locally, ranging from Bitter techniques either with ferromagnetic 
[1] or superconducting [2,3,4] particles, to neutron scattering [5] and 

1 

T.H. Johansen and D.V. Shantsev ( eds .), Magneto -Optical Imaging, 1 - 10 . 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 




2 



magneto-optical imaging [MOI] based on the principle of the Faraday effect 
[6,7], A historical breakthrough was the development of a high resolution 
Bitter technique by Trauble and Essmann [8] and subsequently by Sarma and 
Moon [9] where not only the existence of flux-lines could be experimentally 
proven but also fundamental properties of the flux-line lattice such as its 
symmetry, defect formation and the role of flux-line dislocations have been 
studied for the first time at a sub -pm scale [8]. 

In this historical review the fundamentals of the magneto-optical 
technique are described and the development during the period 1970 - 1980 
is treated in some detail. During this period there have been three major 
developments, the introduction of the high resolution MOI by Kirchner [10], 
the study of time-dependent and current-induced phenomena by Huebener 
[11] and the quantitative determination of flux density gradients in type - II 
superconductors by Habermeier [12]. It is the purpose of this paper to give 
some examples of the early experiments using type - 1 SC’s and focus on the 
development of MOI towards a quantitative tool to investigate flux-density 
gradients and pinning forces in type - II SC’s. 



2. Fundamentals of magneto-optical imaging of magnetic 
structures in superconductors 

MOI of flux structures is based on the magneto-optical Faraday effect 
which describes empirically the rotation, a, of the vector of linearly 
polarized light propagating parallel to the magnetic field direction over a 
distance, t, through a medium with longitudinal optical birefringence in a 
magnetic field, H, 

a = V(co) t H ( 1 ) 

The eigenmodes of light propagation [ left and right circular polarized ] 
have a different index of refraction An = n L (co) - n R (co) directly proportional 
to the expectation value of the magnetic moment along the propagation axis. 
This rotation of the polarization plane in conjunction with polarization optics 
is used in MOI. In a typical geometry for MOI the light passes through MO 
layer [MOL], is reflected at the sample surface and passes a second time 
through the MOL, thus doubling the rotation angle. Most of the magneto- 
optical materials, however, have a high absorption coefficient, P, 
consequently, the intensity of the reflected light after passing through the 
analyser is 



I = 4(IoVtH) 2 exp(-2pt) 



( 2 ) 
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With a maximum for t = 1/(3 [13]. To optimise the effect, the figure of merit 
is V/p. To determine the conditions for a MO contrast [10], the 
corresponding electrical field vector, F, is split into components parallel, 
|F|sina, and perpendicular, |F|cosa, to the transmitting direction of the 
analyser; the condition for a MO contrast is therefore 

T| |F| 2 sin 2 a > T X |F| 2 cos 2 a ( 3 ) 

where T|| and T x denote the transmittance of light polarized parallel and 
perpendicular to the transmission direction of the analyser. For small angles, 
therefore, the contrast condition is 

a > (Tj./ T m ) 1/2 (4) 

Originally, this concept of MOI was introduced by Alers 1957 [6] using 
Ce 3+ salts which had a small absorption coefficient and relatively high 
Verdet’s constants of V ~ 5. 10" 5 7mTpm. This technique allows a spatial 
resolution of 0.25 mm due to the limitations given by the relatively thick 
MO layers [14] required to fulfill the contrast conditions according to eq.(4). 
DeSorbo [7] developed this technique further, allowing the study of 
dynamical phenomena, even motion pictures and high speed photography 
became possible. The spatial resolution, however, was still confined to 0.25 
mm. Irrespective of the meanwhile developed Trauble-Essman decoration 
with sub-pm resolution there was still a need for improvement of the MOI 
partially due to the flexibility of MOI, partially due to the sophistication of 
the decoration technique. 



3. High resolution magneto-optical imaging 

The main drawback of MOI developed so far was the low spatial 
resolution mainly determined by the MOL thickness. The requirement for a 
high resolution MOI technique, therefore, is the availability of thin (< 1pm) 
MO layers with a high Verdet constant. Cross-fertilization for these efforts 
came from a different field of solid state physics. Methfessel [15] as well as 
Wachter and Busch [16] studied the optical properties of the divalent 
Europiumchalkogenides EuO, EuS, and EuSe and found Verdet’s constants 
of the order of 10' 2 -10' 1 7 mTpm at 4.2 K i.e. larger by two orders of 
magnitude compared to the Ce 3+ salts, thus allowing a reduction of the MOL 
thickness to less than 1pm. Unfortunately, these compounds order 
ferromagnetically at 66.8 K and 16.9 K for EuO and EuS, respectively, or 
have a metamagnetic transition at 4.6 K to antiferromagnetism and 2.8 K to 
ferromagnetism in the case of EuSe. In order to reveal the real flux structures 
of a SC ferromagnetism had to be suppressed in the Eu-chalkogenide films. 
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It was the breakthrough by Kirchner [10] leading to high resolution MOI 
who pursuit the concept of admixing paramagnetic EuF 2 to EuS thus 
achieving two major goals: (i) suppression of ferromagnetism while 
maintaining a high Verdet constant and (ii) reduction of the absorption 
coefficient of a plain EuS film by E 11 F 2 admixture and thus enlarging V/(3 
substantially. Systematic studies to optimize the EUS/E 11 F 2 ratio revealed a 
EuF 2 admixture necessary between 10 and 60 wt-% depending on the 
evaporation conditions [17]. Further optimisation principles for the contrast 
as developed by Kirchner are the enlargement of a by interference - i.e. 
using the MOL as antireflecting coating - and partial polarisation as 
described in detail in [10]. 




Figure 1 Drawing of the Faraday cryostat [ 1 8] 



In addition to the development of appropriate MOL’s with high Faraday 
rotation the second prerequisite for high resolution MOI is an imaging 
system allowing access to low temperatures combined with a small working 
distance for the objective lens of a low temperature microscope. There have 
been several solutions for this problem using either beam splitters to 
illuminate the sample and a microscope objective in the vacuum chamber or 
the use of a conventional room temperature microscope with a cryostat 
equipped with a window to separate the cold stage from the microscope. 
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Figure 2. Magnetization curve of Pb disc at 4.2K 



In order to achieve spatial resolutions of 1pm the first approach is preferable. 
The solution realized by Habermeier is given in Fig. 1 [18]. In this rather 
rigid construction the optical path is well aligned, polarizer and analyzer can 
be separately adjusted and a dielectric mirror is the only optical component 
between polarizer and analyzer. The advantage of this set-up is the 
possibility to change specimens without warming-up the system and 
changing the relative positions of polariser and analyser. 



4. Flux penetration in type-I superconductors 

The magnetization of a superconductor placed in a magnetic field Hex 
gives rise to a stray field H s . If at the periphery the local resulting field He X + 
H s exceeds the entry field Hen, normal conducting domains start to enter the 
SC. The entry field includes the thermodynamic critical field H c and an 
additional component given by a possible barrier for flux penetration. The 
state of coexistence of normal and superconducting regions in a type - 1 SC 
is called intermediate state and is stable in the range (1-D) H c < H cx < He . 
Fig. 2 shows the measured magnetization curve of a lead disc in field 
orientations perpendicular and parallel to the plane surfaces. The deviations 
from the ideal curve as described by M = -[l/47t(l-D)]He X for 0 < He X < (1- 
D)Hc and M = ( H. x - He )/47tD in the region (1-D)H C < H^ < H c are 
related to the domain structure and flux penetration. Early MOI experiments 
by Baird [19] suggested that in the field interval between (l-D)Hc and the 
maximum of the curve an intermediate state at the edge of the specimen is 
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Figure 3, Domain structure of a Pb disc at 1 .2K { decoration technique ] 

established consisting in a fingerlike structure pointing towards the center of 
the sample. At the maximum macro fluxlines are expelled from these fingers 
and drift into the interior of the specimen where a coagulation of the 
domains takes place and the typical flux patterns of type-I SC’s are formed. 
With increasing field the flux free belt decreases and disappears when the 
magnetization curve meets the theoretical one. In Fig. 3 this situation is 
represented for a Pb disc with 4 mm diameter and 1 mm thickness. 
Experimental studies by Habermeier [20] and Essmann et. al. [21] as well as 
theoretical studies by Fortini [24], Kronmilller and Riedel [22] and Fahnle 
[23] have shown that the SN- wall energy, their interaction with lattice 
defects and especially the geometry of the sample determines the shape of 
the magnetization curve. The irreversibility of the magnetization curve and 
the excess energy AE in Fig.2 is basically due to the dissipative movement of 
the macro flux-lines across the flux free belt. 

The flux pattern of Fig. 3 changes completely if a small notch is 
introduced at the periphery of the sample. Flux nucleation exclusively occurs 
at the notch due to the enhanced inhomogeneous stray field and a large flux 
free belt is formed. As pointed out [25] this could be used in principle to 
generate flux free regions for a potential application in superconductor 
device technology. 
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5. MOI of flux patterns in type-II superconductors 

In the mixed state of type-II SC's the flux-line distance is d=[ 2<bo/B>/3] 1/2 
with values far below the resolution of the MOI technique. Consequently the 
efforts to use the MOI technique were confined before 1975 to investigations 
of type-I SC's and some rather qualitative low resolution observations of flux 




Figure 4 . Domain structure of e Nb disc at 4,5K [ MOI 1 



structures in Nb-foils. [26], The first application of MOI for quantitative 
studies emerged from the one dimensional Friedel model [27] for the 
determination of pinning forces f p 

f p = - B(dH/dB) rev 9B/8r 

If a direct method for the determination of dB/dr could be established, the 
direct local measurement of f p would be possible. The concept using MOI as 
introduced by Habermeier and Kronmiiller [28] is based on an averaging of 
local flux densities at a pm scale and the measurement of their spatial 
variation. 

In Fig. 4 the flux penetration pattern of a zero field cooled (110) Nb-disc 
in the mixed state is given indication the radial flux penetration. Fig. 5 
represents the measured flux density profiles as revealed by a calibration 
procedure based on photometric evaluations of the grey scales of the 
exposed film. The calibration procedure is described in detail in [29]. The 
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Figure 5. Flux-density gradients of a Nb disc at different external magnetic fields at 4.5 K. 



flux density profiles of Fig.5 are not compatible with the simple Bean model 
which predicts linear profiles. The volume pinning forces as derived from 
the flux density gradients show a continuous increase towards the direction 
to the center and a maximum of 2.10 7 N/m 3 at the boundary to the Meissner 
state. 



6. Conclusions 

The previous chapters show that quantitative high resolution MOI opens 
an access to a more detailed understanding of magnetic properties of 
superconductors. The MOI technique using Eu-chalkogenides as active 
MOL's has the big advantage of high spatial resolution, the possibility of 
investigations of dynamical properties and quantitative analysis of flux 
density gradients and pinning forces as well. The disadvantage of this 
technique is the limitation to the temperature range < 10 K and the magnetic 
(1 mT) and spatial resolution ( 1 pm ). Nevertheless, during the period 
1970- 1980 all fundamental principles mandatory for a successful 
experimental technique to study vortex matter has been established. The 
present standard of MOI resting on the principles developed 1970-1980 
appear to be a mature technology. The introduction of garnet films as 
magneto-optical media [31] in conjunction with modem digital image 
processing techniques represents a major step towards an easy-to-use 
technique with still room for improvements. One of the examples is the 
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visualization of single flux-lines in NbSe 2 by Goa et al. by MOI [30]. Further 
steps towards the goal of imaging single flux-lines in HTS materials by MOI 
could be expected if another class of magneto-optical layers would be 
available with Verdet constants exceeding those of the Eu-compounds. This 
would allow combining the advantage of MOI using single magneto-optical 
layers for high spatial resolution with the high magnetic field resolution of 
the garnet films. Additionally the application of techniques based on near 
field optical microscopy could be a strategy to overcome the limitations of 
spatial resolution. 
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Abstract Over the past decade the development and refinement of a range of low 
temperature local magnetic probes has greatly advanced our understanding of 
vortex matter in type II superconductors. Many complementary techniques are 
now capable of imaging discrete vortices over quite wide ranges of H-T phase 
space, yielding very direct information regarding vortex structures and 
dynamics, and the relationship with other sample properties e.g. shape, 
microstructure and defect density. A detailed review of local magnetic probes 
will be presented here including Lorentz microscopy, magnetic force 
microscopy, scanning Hall probe microscopy, magneto-optical imaging (MOI) 
and scanning SQUID microscopy. In each case the principles underpinning 
the technique will be briefly reviewed along with the factors that limit 
magnetic field, spatial and temporal resolution. In addition the capabilities will 
be compared and contrasted with those of state-of-the-art MOI where relevant. 
A range of examples is described emphasising applications in the area of high 
temperature superconductors. Finally the ways in which the existing 
techniques can be expected to develop over the next few years will be 
discussed and new approaches that seem likely to be successful described. 

Key words: Magnetic Imaging, Vortices in Superconductors 
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1. Introduction 

A range of local magnetic probes has been developed over recent years to 
obtain a microscopic picture of vortex structures in superconductors [1]. 
The majority of these techniques (magneto-optical imaging, scanning 
SQUID, Hall probe and magnetic force microscopies) are sensitive to the 
stray fields near the sample surface while Lorentz microscopy probes the 
distribution throughout its bulk. The approaches also differ in a variety of 
other aspects including minimum detectable fields, spatial resolution as well 
as the ease and speed of use etc.. Since these techniques measure magnetic 
fields directly the relevant minimum length scale is the magnetic field 
penetration depth ( X ) and the large value of this parameter in HTS (~100- 
200nm) limits the identification of discrete vortices to rather low fields 
(clOmT). At higher fields vortex resolution is lost yet local field profiles 
representing an average over many closely spaced fluxons are still of 
enormous value. In the following sections the broad principles of the 
different techniques are presented and their strengths and weaknesses 
compared. Recent experiments which reflect the current state-of-the-art will 
also be described. 



2. Different Imaging Techniques 

2.1 Lorentz Microscopy 

In Lorentz microscopy a coherent high-energy beam of electrons is used 
to image vortices. A simple classical picture of the relevant interaction can 
be obtained by considering the action of the Lorentz force (F L =evxB ) on 
electrons which pass through a fluxon. Their trajectories will be deflected 
away from the vortex so that the electron flux is enhanced near one edge of 
the vortex and depleted near the other in a similar way to the Hall effect in 
conducting solids. Thus, in the usual scattering geometry, where the normal 
to the sample plane is inclined at an angle of around 45° to the incident 
electron beam, an individual flux vortex can be recognised in an image by an 
oval region with adjacent halves of bright and dark intensity. The line 
dividing these halves is defined by the projection of the vortex segment onto 
the image plane, while the sense of light and dark regions is reversed for 
upward or downward directed vortices. In practice, however, a quantitative 
understanding of Lorentz microscopy can only be achieved within a full 
quantum mechanical description [2]. 
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Since Lorentz microscopy is a form of transmission microscopy the 
sample must be thinned down before imaging can be performed. The 
maximum possible thickness depends on the energy of the incident electrons 
and, in the state-of-the-art IMeV microscope constructed by Tonomura and 
co-workers at Hitachi Ltd in Japan, this corresponds to about 400nm of 
Bi 2 Sr 2 CaCu 2 0 8+ 5 [3]. 

The greatest strength of Lorentz mode imaging is that it allows the 
correlation of the magnetic structure with very high-resolution bulk material 
features. This was elegantly illustrated in a recent study of the trapping of 
vortices by columnar defects in a thin Bi 2 Sr 2 CaCu 2 0 8+ 5 crystal by Tonomura 
et al. [4] using their IMeV microscope. The crystal had been previously 
irradiated at an angle of 70° away from the c-axis with 240 MeV Au 15+ ions 
at an average density of 0.05ions/pm 2 , and the resulting columnar defects 
(CDs) could be readily imaged in normal TEM focus. However, since 
vortices only modify the electron phase and not its amplitude, they can only 
be visualised after defocussing the image at which point the CDs are no 
longer visible. Using both imaging modes it was possible to distinguish 
vortices trapped on CDs and those elsewhere. These workers were also able 
to watch vortices snap on and off the CDs as the applied magnetic field was 
rotated and the temperature varied. This ability to correlate very high- 
resolution 'bulk' magnetic and material images is one of the major strengths 
of Lorentz microscopy. This is balanced by the fact that the minimum 
detectable fields are rather modest and one can only work with very thin 
samples. Both these problems are however likely to be lessened by the 
development of even brighter coherent electron sources in the future. 

2.2 Magnetic Force Microscopy 

Scanning Force Microscopy was made possible by the production of 
micromachined cantilevers with force constants smaller than that of an atom 
bonded at a solid surface [5]. Tiny forces acting on a tip at the end of the 
cantilever can be quantified from precise measurements of its deflection. In 
magnetic force microscopy (MFM) the magnetostatic forces between a 
magnetic tip and a sample are measured either in constant force(height) 
contact mode or in 'non-contact' mode, when the sample-probe interaction is 
used to modify the resonant frequency of the cantilever. For the latter the 
cantilever is generally oscillated close to resonance, and changes in the 
oscillation phase are proportional to the interaction force gradient. Two 
MFM detection schemes have been successfully implemented at low 
temperatures. Hug et al. [6] were able to image vortices in a YBCO film in 
constant height mode at 77K by monitoring the phase of light reflected from 
an optical interferometer. The latter was comprised of the back of the 
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cantilever and the cleaved end of an optical fibre, which ran outside the 
cryostat to the laser diode light source and photodiode detectors. In an 
alternative approach de Lozanne and co-workers were able to achieve vortex 
images in non-contact mode using the response of a piezoresistor integrated 
into the cantilever to detect deflections [7]. Considerable improvements in 
piezoresistive detection were achieved recently by Volodin et al. [8] by 
using higher resonant modes of the cantilever. This increased both the 
quality factor and piezoresistive sensitivity of the cantilever and made it 
possible to substantially reduce the piezoresistor bias current (and associated 
heating). These authors have been able to correlate vortex images and 
surface topography maps in Nb thin films with such precision that it is 
possible to distinguish between vortices situated on a grain and those at grain 
boundaries. This ability to correlate high-resolution magnetic and 
topographic images is one of the great strengths of MFM. This is somewhat 
offset by the fact that the minimum detectable fields are rather marginal for 
observing vortices and the magnetic tip can potentially perturb the sample if 
great care is not taken. In addition the true micromagnetic structure of the 
tip is rarely known with any precision, which can complicate image 
interpretation. Future improvements are likely to include the development of 
superior deflection detection schemes as well as better defined (single 
domain?) magnetic tips and in-situ tip characterisation methods. 

2.3 Scanning Hall Probe Microscopy 

The use of Hall effect sensors to image flux profiles at the surface of 
superconductors dates back well over 30 years. Typically these employed 
sensors based on thin evaporated films of Bi or InAs which were scanned 
over the sample using micrometer-driven stages. The invention of the 
modulation-doped semiconductor heterostructure [9] and the development of 
piezoelectric nanopositioning have lead to renewed activity in the area of 
Hall probe imaging. The very high carrier mobilities of GaAs/AlGaAs 
heterostructures at low temperatures lead to extremely small minimum 
detectable fields (limited by Johnson noise in the voltage leads to 
>10nT/VHz at 4.2 K), as well as the possibility to fabricate very small 
sensors with high spatial resolution (>0.1pm). The first microscope using a 
sub-micron epitaxial heterostructure Hall probe was developed by 
Chang et al [10]. A typical system is essentially a modified low temperature 
scanning tunnelling microscope (STM), where the usual tunneling tip on the 
end of a piezoelectric scanner is replaced by a microfabricated 
semiconductor chip containing both a Hall probe and an integrated STM tip. 
In this way it is possible to generate simultaneous images of both the sample 
topography and the surface stray fields. A recent illustration of the use of 
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high-resolution Hall probe microscopy (~400nm GaAs/AlGaAs sensor) is 
the discovery of a one-dimensional vortex chain state in B^SrzCaC^Og+s 
single crystals under tilted magnetic fields [11]. The highest resolution Hall 
probe imaging to date was achieved with a ~100nm resolution sensor milled 
with a focussed ion beam in a 70nm Bi film [12]. While this resolution has 
only been achieved at room temperature it seems likely to be extended to 
low temperatures in the near future. Recently an AFM-guided scanning Hall 
sensor has been developed for use with insulating or unconnected samples. 
This is based on a III-V cantilever containing an integrated piezoresistive 
sensor, Hall probe and AFM tip, micromachined from a single epitaxially 
grown stack [13]. The resolution of the first prototype integrated Hall probes 
is only modest (~lpm), but flux penetration into 5pm YBCO squares has 
already been demonstrated at 77 K. A variety of Hall probe scanners have 
been developed with much larger range than that available with piezoelectric 
tubes. A particularly cheap and effective solution is a design which 
combines a stepper-motor driven stage and a very low vibration commercial 
cryocooler [14]. This has been demonstrated to operate over an area in 
excess of 5mm x 5mm with 1.25pm spatial resolution in a temperature range 
35-300 K. The great strength of scanning Hall probe microscopy is its 
ability to image samples non-invasively over a broad range of temperatures 
(5-300 K) and applied magnetic fields (0-1 T). The minimum detectable 
fields are also excellent and the sensor output is a quantitative measure of B z . 
One drawback of the technique is that it is relatively slow; typical image 
acquisition times range from ~l-60mins. However, quasi-real time imaging 
has been demonstrated in STM-guided 'flying mode' as illustrated by an 
investigation of flux penetration into a YBCO thin film in which 1Hz 
imaging rates were achieved [15]. In principle video-rate imaging should 
ultimately be possible in this mode. 

2.4 Magneto-optical imaging 

If a magneto-optically (MO) active 'indicator' film is brought into 
intimate contact with the surface of a superconducting sample it is possible 
to image stray magnetic fields by virtue of rotations in the polarisation 
direction of light passing through it (Faraday rotation). For small angles this 
rotation depends linearly on the local magnetic field as well as the thickness 
of the MO film and is capable of yielding quantitative field profiles. While 
MO measurement systems differ in detail they all use crossed polarisers for 
incident and reflected light in order to detect the typically small Faraday 
rotations observed [16]. Although other materials exist Yttrium Iron Garnet 
(YIG) indicator films with in-plane anisotropy have become the materials of 
choice in recent years due to their excellent sensitivity (~10 mT) all the way 
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up to their Curie temperatures (~800 K) [17]. In this case flux patterns can 
be imaged by virtue of the fact that the magnetisation vector is rotated out of 
the plane of the film under the influence of the local magnetic field. Until 
recently the spatial resolution of MO imaging with YIG films was limited to 
about 4pm by the thickness of the MO film and its spatial separation from 
the surface of the superconductor (YIG films must be prepared on separate 
substrates). However, in 2001 Johansen and co-workers achieved the 
breakthrough of single vortex resolution in a NbSe 2 crystal held with a light 
pressure beneath a thin (0.8 pm) indicator film, and omitting the usual 
additional reflective coating (the sample itself acted as a mirror) [18]. These 
authors were able to resolve discrete vortices up to applied fields of lmT 
(~1.4 pm spacing), opening up a very exciting new era in high-speed single- 
vortex MO imaging. 

The MO technique has the advantages of being quantitative and quick 
to implement. Its greatest strength, however, probably lies in the extremely 
rapid optical techniques that are available to capture images. For example, a 
pump and probe approach with a pulsed laser has been used to study the 
nucleation of an optically induced flux instability in a YBCO thin film with 
10ns temporal resolution [19]. This is offset by the fact that the minimum 
detectable fields are relatively poor and the indicator films still rather thick 
for high-resolution imaging. The search for thinner indicator films with 
higher sensitivity will continue. Domain walls in the garnet films also 
introduce image artifacts and can perturb samples, but may also be used as a 
tool for vortex manipulation. 

2.5 Scanning SQUID Microscopy 

It is widely recognised that the Superconducting QUantum Interference 
Device (SQUID) is the most sensitive magnetic field sensing element known 
to man. The critical current of the SQUID ring varies periodically (period 
d> 0 ) with the magnetic flux threading it, allowing very precise measurements 
to be made. Most existing scanning systems are based on low critical 
temperature SQUIDs (usually Nb) operated in a flux locked loop. This 
requires an additional input coil which drives the net dc flux seen by the 
SQUID to zero in a feedback loop [20]. The input coil is also used to apply 
an oscillating flux at -100 kHz which allows efficient suppression of 1/f 
noise and very high sensitivity (up to - IO^Oq/n/Hz with signal-to-noise 
ratios as large as 100-1000 in many cases). In typical applications the sensor 
incorporates a pick-up loop located over a millimeter away from the active 
Josephson junctions and connected to them by coplanar leads [21]. In 
operation the SQUID is mounted on a springy cantilever and mechanically 
scanned in direct contact with the sample with a spatial resolution cur-rently 
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limited to ~4pm by the diameter of the pick-up loop. A good illustration of 
the capability of scanning SQUID microscopy is the investigation of flux 
structures in an unpattemed YBCO film, grown epitaxially on a tricrystal 
substrate, after cooling to 4.2K in a very small magnetic field [22]. In 
addition to the half-integer flux quantum generated at the tricrystal point the 
study also revealed Josephson vortices at the grain boundaries as well as 
conventional Abrikosov vortices in the grains. 

Higher resolution SQUID imaging (~ 1pm spatial resolution) has been 
demonstrated by Hasselbach and co-workers who have scanned with a 
micro-SQUID directly without the need for an additional pick-up loop [23]. 
The p-SQUID is based on a 1pm diameter A1 ring containing 20nm wide 
microbridges which operates in a dilution refrigerator. The outstanding 
minimum detectable fields and quantitative output are the great strengths of 
scanning SQUID microscopy. This is balanced by the relatively poor spatial 
resolution of most instruments, although the future p-SQUID development 
should lead to rapid improvements in this respect. The requirement that the 
SQUID be in the superconducting state does also severely complicate 
temperature-dependent measurements. The future is likely to bring 
increasing use of HTS SQUIDs, as well as improved sensor tracking modes 
(e.g. integration onto an AFM-cantilever). 
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3. Conclusions 

As has been de-scribed a wide range of magnetic imaging tools now exist 
which vary dramatically in terms of their figures-of-merit. Various factors 
dictate the choice of technique: spatial resolution, mini-mum detectable 
fields, imaging rate, the need for quantitative data or a correlation between 
magnetic and surface/ bulk material features, expense, turn-around time and 
ease of use. The two most critical parameters of minimum detectable field 
and spatial resolution are compared and contrasted for all the techniques in 
Fig. 1 . In practice a range of different complementary techniques must be 
used to gain a full understanding of a given physical phenomenon. The 
future of magneto-optical imaging is certainly assured as it has many 
advantages: it is extremely fast, quantitative, has a rapid turn-around time 
and is relatively cheap and convenient. 

References 

[1] S. J. Bending, Adv. in Phys. 48, 449 (1999) 

[2] J. N. Chapman, J. Phys. D 17, 623 (1984) 

[3] A. Tonomura, J. Electron. Microsc. 52, 1 1 (2003) 

[4] A. Tonomura et al., Nature 412, 620 (2001) 

[5] G. Binnig, C. F. Quate and Ch. Gerber 1986, Phys. Rev. Lett. 56 930 (1986) 

[6] H. J. Hug, A. Moser, I. Parashikov, B. Stiefel, O. Fritz, H.-J. Guentherodt and H. Thomas, 
Physica C 235-240, 2695 (1994) 

[7] C. W. Yuan, Z. Zheng, A. L. de Lozanne, M. Tortonese, D. A. Rudman and J. N. 
Eckstein, J. Vac. Sci. Techno. B 14, 1210 (1996) 

[8] A. Volodin et. al ., Europhys. Lett. 58, 52 (2002) 

[9] R. Dingle, H. L. Stormer, A. C. Gossard and W. Wiegmann, Appl. Phys. Lett. 33,665 
(1978) 

[10] A. M. Chang et al , Appl. Phys. Lett. 61, 1974 (1992) 

[11] A. N.Grigorenko, S.J.Bending, T.Tamegai, S.Ooi and M.Henini, Nature 414, 728 (2001). 

[12] A. Sandhu, H. Masuda, K. Kurosawa, A. Oral & S. J. Bending, Electr. Lett. 37, 1335 
( 2001 ) 

[13] A. J. Brook et al ., Appl. Phys. Lett. 82, 3538 (2003) 

[14] J. K. Gregory, S. J. Bending and A. Sandhu, Rev. Sci. Instrum. 73, 3515 (2002) 

[15] A. Oral, S. J. Bending and M. Henini, Appl. Phys. Lett. 69, 1324 (1996) 

[16] M. R. Koblischka and R. L. Wijngaarden, Supercond. Sci. Technol. 8, 199 (1995) 

[17] L. A. Dorosinskii et al. , Physica C 203, 149 (1992) 

[18] P. E. Goa, H. Hauglin, M. Baziljevich, E. ITyashenko, P. L. Gammel, and T. H. 
Johansen, Supercond. Sci. Technol. 14, 729 (2001) 

[19] P. Leiderer, J. Boneberg, P. Brull, V. Bujok and S. Herminghaus, Phys. Rev. Lett. 71 
2646, (1993) 

[20] J. Clarke in: Superconducting Devices eds. S. T. Ruggiero and D. A. Rudman (San 
Diego: Academic Press) pp.51-99, (1990) 

[21] J. R. Kirtley etal. , IBM J. Res. Develop. 39, 655 (1995) 

[22] J. R. Kirtley etal., Phys. Rev. Lett.76,1336 (1996) 

[23] C. Veauvy et al.. Rev. Sci. Inst. 73, 3825 (2002) 




MAGNETO-OPTICAL INVESTIGATION OF 
SUPERCONDUCTING MATERIALS 



Anatolii Polyanskii, Vladimir Beilin*, Matt Feldmann, M. Roth*, Eric 
Hellstrom, and David Larbalestier 

Applied Superconductivity Center, University o f Wisconsin-Madison 1500 Engineering drive, Madison 
Wisconsin 53706 USA 

* The Hebrew University of Jerusalem, Bergman Bldg., 91904 Jerusalem, Israel 



Abstract Review of magneto-optical imaging and electromagnetic measurements defect 
structures in superconductors exposed to different thermo-mechanical heat 
treatments is presented. 

Key words: magneto-optical imaging, electromagnetic measurement, (Bi,Pb) 2 Sr 2 Ca 2 Cu 30 x 

(BSCCO-2223) and MgB 2 tapes, YBa 2 Cu 3 O x (YBCO) coated conductors. 



1. Introduction 

Understanding the current limiting mechanisms of superconductors and 
ways to improve their fabrication technology is very important for practical 
applications. One fundamental tool for investigation of current limiting 
mechanisms in superconductors is the magneto-optical imaging (MOI), a 
system based on magneto-optical indicators sensitive to magnetic field. The 
fundamental principal behind this technique is the magneto-optical Faraday 
effect that is exhibited by certain transparent magneto-sensitive materials. 
These materials rotate the polarization plane of light passing through them. 
The magnitude and direction of this rotation is dependent on the local 
magnetic field thus allowing visualization of the local magnetic flux 
distribution. As noted in review papers [1,2] all available indicators before 
1989 had limited temperature range (below 15 K). In 1989, a new MOI 
technique was developed [1,2], based on Bi-doped garnet thin films, which 
operates from below 4.2 K to above 500 K. Their unique property allows 
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investigation of HTS over a wide temperature range. Unlike other imaging 
techniques, such as the Bitter decoration technique or Magnetic Force 
Microscopy, MOI works well on a variety of length scales from a few 
microns to millimeters, can detect very small magnetic fields, and possesses 
the high time resolution needed for studying dynamic processes. 

In this paper, we present a brief review of the influence of technological 
processes on the defect structure and electromagnetic properties of BSCCO- 
2223 and MgB 2 tapes, and YBCO coated conductors measured using the 
MOI and electromagnetic techniques. 



2* Magneto-optical technique 

The Faraday effect in transmission mode allows one to observe the 
domain structure of transparent magnetic materials [1,2]. In Figure 1, the 
sample is taken to be transparent, magnetic, and to exhibit the Faraday 
effect. Linearly polarized light is incident on the sample, and here the 
sample possesses three different domains of magnetization, M . The top two 
domains have anti-parallel vectors of magnetization normal to the crystal 
surface, while the third domain has an in-plane vector of magnetization. The 
entire domain structure can be observed by viewing through the analyzer. 




Figure 1. Geometry for observation of the Faraday effect in transmission mode. 

The Faraday angle of rotation for diamagnetic or paramagnetic materials 
determining the intensity contrast of the image, a F , is proportional to the 
material -dependent Verdet constant V by (X F =VB,d , where B z is the 
component of local magnetization in the direction of propagation of the light 
and d is the thickness of magneto-active media. 

In order to visualize the magnetic flux in opaque materials, such as 
superconductors, a magneto-optical indicator is placed on its surface. The 
external magnetic field is applied perpendicular to the surface of 
superconductors. Because magnetic flux due to currents circulating in the 
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superconductor extends some distance outside the superconductor, a 
neighboring MO indicator can detect it. In this geometry light passes 
through the magnetic indicator twice, doubling the rotation, being reflected 
off a mirror on the underside of the MO indicator. In this reflected geometry 
the angle of rotation is given by Ct F = VB z 2d . 



magneto- 

optical 

layer 



-M, 



M 



+M Z 

♦ ♦ ♦ ♦ ♦ 




Figure 2. MO indicator with in-plane magnetization (M) and sample with local magnetic flux 
in anti-parallel directions. 

Figure 2 shows a configuration of a magneto-optical indicator film 
incorporated with a sample. The in-plane magnetization of the indicator 
permits detection of local magnetic field continuously and can reflect 
magnetic flux distribution on scale less than 5 pm. The spatial resolution of 
MOI using indicators with planar magnetization is limited by the thickness 
of the magneto-optical layer and a gap between indicator and the sample 
surface and can be less than 1 pm [1,2]. 



3. Magneto-optical and electromagnetic studies of 
superconducting tapes 

The high temperature superconductors and the more recently discovered 
intermetallic superconducting compound MgB 2 hold much promise for 
various high- current applications such as power transmission cables, 
transformers and motors. 





1* rolling 



2 p 3 4 

HT1 -► S s "*■’ HT2 

U 



Figure 3. Technological process used to produce tapes from round wire. 
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It is very important to study the influence of different technological 
processes on the main characteristics of specific conductor forms. Recent 
findings by magneto-optical imaging unhealed cracks in fully processed 
high-J c BSCCO tapes [3] revealed one of the important factors limiting the 
current-carrying ability of such tapes. Therefore healing the cracks created in 
the tape core by intermediate deformation is a crucial problem to be 
addressed to further enhance their current-carrying ability, which is thought 
to be well above 10 5 A/cm 2 . Moreover even bulk HTS materials have 
restricted critical current by the weak coupling across grain boundaries. It 
makes transport current in untextured polycrystalline materials lower than 
intra-grain current and strongly sensitive to magnetic field. 

On the other hand, in the polycrystalline form of MgB 2 our study [4] using 
MOI, electron microscopy and X-ray diffraction showed unpredicted results: 
no weak link limitations of the critical current. Supercurrents flow in this 
material without exhibiting strong sensitivity to low magnetic field and are 
mostly limited by flux pinning, rather than by grain connectivity. Such 
behavior of bulk MgB 2 gives expectations that technological processes using 
during the fabrication of MgB 2 conductors will have different influences on 
MgB 2 tape and wires than on HTS conductors. 

Below we present evidence that fabrication processes affect the defect 
structure of real form superconductors. Bi-2223 and MgB 2 monocore tapes 
were fabricated (Fig. 3) by the oxide powder-in-tube method. Shielding 
tubes (Ag for BSCCO and Ni for MgB 2 ) were packed, closed, drawn 
(sample 0) and flat rolled (sample 1). Pieces of tape were exposed to a first 
heat treatment HT1 (sample 2). A tape underwent a intermediate 
deformation by rolling (sample 3). The length of the second heat treatment 
HT2 (sample 4) was varied from 0.5 to 60 h for BSCCO and only 0.5 h for 
MgB 2 . The temperature of heat treatment was in the range of 830 to 840 °C 
and 800-980 °C for BSCCO-2223 and MgB 2 , respectively. The heat 
treatments (HT1 and HT2) were performed in air for BSCCO and in pure Ar 
for MgB 2 . 

Critical current density, J c , was measured by the four-point probe method 
using a 1 jxV/cm criterion at 77 K for BSCCO-2223 and at 4.2 K for MgB 2 . 
AC susceptibility, %(T), was measured at 747 Hz from 5 to 120 K. An AC 
field of -0.005 mT was applied normally to the tape broad face. 

Magneto-optical characterization was performed using garnet indicator 
film with in-plane magnetization to register normal components of the 
magnetic flux on the surface of superconductors. The details of this method 
have been reported earlier [1,2]. The samples were placed on a cooling 
finger in a continuous-flow optical cryostat located on the X-Y stage of a 
polarized optical microscope in reflective mode. For MO imaging, the tapes 
were cut with a mechanical saw to prevent cracking. Then the metallic 
sheath was removed by grinding away the Ni or chemically etching off the 
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Ag. The MO Film was placed on the bare core of the tape. A digital camera 
was used to acquire the images. MO images and electromagnetic 
measurements were taken for samples 1-4 after each fabrication step. 

Figure 4 presents the evolution of MO images of BSCCO tapes taken 
through each of the technological steps [5]. Bright contrast in these figures, 
which were taken after being cooled in zero field, represents flux-penetrated 
regions, whereas the dark contrast corresponds to well-screened regions. 
There was no MO contrast in the samples 1 after the first rolling, so it 




Figure 4. MO images of BSCCO-2223 tapes according the technological process in Fig. 3. 
Image (a) corresponds sample 2 and images (b-f) correspond sample 4 exposed to different HT 
time. All MO images were taken at T = 1 3 K and H = 40 mT after being cooled in zero field, 

is not shown in Fig. 4. After HT1 sample 2 had relatively low J c , 
3.3xl0 3 A/cm 2 , but allowing the MO image (Fig. 4a). It shows a poorly 
connected core with strongly coupled “islands” (dark spots) separated by a 
continuous light network of defects indicating easy flux penetration. 

The second intermediate rolling reduces the transport J c to zero again due 
to crack formation (sample 3). The MO image in this state shows practically 
no MO contrast due to the suppression of screening current by the rolling 
damage and is not presented in Fig. 4. 1112 was applied to rolled sample 3 
(Fig. 4b-f) for different times: 0,5 h (b), 1.5 h (c), 5 h (d), 15 h (e) and 65 h 
(f). After HT2 J c of sample 4 the core connectivity was significantly improve 
as observed by MO. The restoration during HT2 proceeds through two 
stages: almost instantaneous healing for HT2 times of 0.5 h (b) and 1.5 h (c) 
followed by subsequent slow improvement at longer heating times (Fig.4 d- 
f). Even just exposing the initially rolled tape 1 to the maximum temperature 
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in a heating/cooling (H/C) cycle, with no dwell at the maximum temperature 
drastically enhanced J c to 3.2xl0 3 A/cm 2 , a value equal to that after HTL 
Significant long-range connectivity can be induced just by the H/C cycle. 
However, a residual network of easy flux penetration, most likely the 
unhealed cracks, is still visible (light stripes in Fig. 4a). 

The long-range connectivity became more pronounced as the sintering 
time extended from 5 to 15 and further to 65 hours. As seen in Fig. 4d-f the 
dark flux-excluding center of the image became progressively wider as J c 
increased slowly with heating time and reaches 2xlQ 3 A/cm 2 after 65 h. 

Since the samples were rolled, it is natural to associate these to sausaging 
or to rolling damage, rather than to a more random weak-link structure. 
Correlating the MO images and the J c data indicated crack healing on scales 
below -100 pm that controls the subsequent improvement of J c and MO 
contrast. It is reasonable to associate this two-step healing with the available 
liquid phase. Crack healing occurs rapidly at the beginning of the second HT 
because of the presence of liquid, but after its consumption, healing takes 
place slowly and perhaps very heterogeneously, depending on the exact local 
composition and its local reaction kinetics. 

Figure 5 presents magneto-optical study of Ni/MgB2 tapes taken through 
the same technological process shown in Fig. 3. In contrast to the BSCCO 
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Figure 5. MO images of MgS 2 tapes according the technological process in Fig. 3. Image (a) 
corresponds sample l, (b) is 2, (c) is 3 and (d) is sample 4. All MO images were taken at 
T=I3K and H=40mT after being cooled in zero field. 
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tape the magneto-optical contrast was already observed in sample 1 after the 
initial rolling (Fig. 5a). This shows that even after the initial strong 
mechanical deformation there are good superconducting properties in the 
tape core with J c = 3.4xl0 3 A/cm 2 . This is also in agreement with Grasso et al. 
finding that rolled MgB2 wire carried supercurrent even before being heat 
treated [6]. The well-screened area (dark regions) in the central part of the 
tape (Fig. 5a) demonstrates that the tape has inter-granular bulk current. The 
full-penetration state was not reached at T = 13 K and H = 40 mT. The most 
noticeable characteristic features of the image are the small well-screened 
spot-like areas uniformly embedded in the field-penetrated superconducting 
matrix. These spots have higher J c than the MgB 2 in the surrounding material. 
No deformation-induced cracks were found in the as-rolled MgB 2 core. HT1 
of as-rolled sample 1 for 30 minutes at 950 °C results in the formation of a 
well-screened structure throughout the tape core and a sharp increase in J c 
(>2.0xl 0 4 A/cm 2 ). 

The MO image of sample 2 in Fig 5b shows that increasing the external 
field to higher values up to 120 mT did not reveal any defects inside the 
uniformly dark tape core, unlike the BSCCO tape (Fig. 4a). A defect pattern 
on the left edge of the MO image in Fig. 5b is due to cracks formed in the 
core by the cutting process used to prepare the MO imaging sample. These 
defects may be considered as additional evidence that the core has sintered 
and transformed into a brittle solid.MO examination of sample 3 that was 
rolled after HT1 (Fig. 5c) revealed extensive damage, but unlike the BSCCO 
tape, MO contrast was still observed and shows a nearly homogeneous crack 
network formed throughout the tape core. Critical current decreased to J c = 
l.OxlO 4 A/cm 2 after rolling. To investigate whether or not these cracks in 
sample 3 could be healed, we gave this sample HT2 for 30 minutes at 
950 °C.The MO image (Fig. 5d) of the resulting sample 4 shows that the 
network of cracks present caused by the intermediate rolling (Fig. 5c) was 
significantly healed. Larger and better-connected areas appeared in the MO 
image even at a field of 40 mT along with other areas showing unhealed 
networks of defects. This indicates that the even short HT2 healed many of 
the defects in sample 4. After HT2 the J c was also restored to >2.0xl0 4 
A/cm 2 . 

Like the MO images, the ac susceptibility, x(T), also showed significant 
differences for BSCCO and MgB 2 tapes during the tape processing. BSCCO 
tapes exhibited significant broadening for rolling (sample 3) followed by 
rapid recovery to a sharp transition after HT2 (sample 4). In contrast, the 
MgB 2 tape showed a two-step transition after the first rolling (sample 1) 
indicating the formation of inter-granular connections and bulk current (also 
see the MO image in Fig. 5a). HT1 of sample 1 drastically changed the two- 
step transition to single sharp transition. Further rolling (sample 3 in Fig. 3) 
lightly broads the transition of sample 2 but doesn’t create to a double 
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transition. HT2 of sample 3 restores the narrow transition in sample 4. The 
MO images in Fig 5 reflect the evolution of ac susceptibility. 

4. Magneto-optical and electromagnetic studies of YBCO 
coated conductors 

Earlier studies of flux penetration in YBCO bicrystal [7] have shown that 
grain boundaries become visible in MO images when the intergranular 
current density, J cb , is smaller than the intragranular current density, J ce . A 
marked threshold in the behavior of the grain boundaries occurs in samples 
made on SrTi0 3 bicrystal substrates when grain boundary misorientation 
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Figure 6. (a) MO image of YBCO on textured Ni, (b,c) light microscopy images the Ni 
substrate with the YBCO removed and (d) overlay of images (a) and (c). 

angle (0) is between 3 (1 and 5°. 

YBCO coated conductors (CC) are called second generation HTS 
conductors, in which an oxide buffer layer and YBCO are deposited 
epitaxially on strongly biaxially textured metal substrate or an 1BAD 
substrate. They show promise for large-scale application at liquid nitrogen 
temperature and in high magnetic field [4], High values of J c have been 
obtained in samples on deformation-textured Ni substrate (1-10 MA/cm 2 ). 
However, to further improve the biaxial texture in the metal substrate and 
eliminate high-angle grain boundaries in YBCO, continuing efforts are 
needed to improve the CC fabrication technology [8]. Figure 6 shows a 
section of YBCO thin film on a textured Ni substrate. The MO image (Fig. 
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6a) of the YBCO layer and the light microscopy images (Figs. 6b, 6c) of the 
Ni substrate in the same region after the TBCO was chemically removed, 
demonstrate the influence grain boundaries in the Ni substrate have on flux 
penetration in the YBCO grain boundary network. The network of flux 
penetration along grain boundaries is bright and indicates where the local 
current density is significantly reduced due to partial or complete barriers to 
current flow. Darker contrasts are electromagnetically well-connected 
regions or single grains. The overlay of image (Fig. 6d) of the MO and light 
microscopy images (Fig. 6a and 6c) shows that flux penetration occurs along 
network of grain boundaries in Ni substrate. The measured MO intensity of 
flux penetration at the grain boundaries and backscattered electron Kikuchi 
patter (BEKP) based on grain boundary misorientation angle (0) showed that 
a marked threshold in the behavior of the grain boundaries occurred at 0=4°. 
At 0>4° all grain boundaries exhibit magnetic flux penetration but below 4° 
there is strong electromagnetic coupling between grains (dark MO contrast). 

Figure 7 presents MO images of self-field produced by transport current 
in narrow bridge of YBCO coated conductor on a textured Ni substrate made 
by laser cutting. Simultaneously with MO imaging, the V-I characteristics 
were measured, where Ic is defined by the 1/iVcm" 1 criteria. At ^ the MO 
image shows the local network of weak links where dissipation occurs. 
Current percolates also before (a) and after the onset of dissipation (c). In 




a) 1=0. 51c b) I=Ic c) 1=1. Sic 



Figure 7. MO images of self-field from transport current increasing from 1= 0.5 Ic to 1- 1.5fc. 
The width of laser cut bridge is 600 /xm and = 0.7 MA/cm 2 . 



area with dark contrast current flows more uniformly and preferentially near 
the edges of the bridge demonstrating less dissipation and therefore better 
grain alignment. The same grain boundaries demonstrate MO contrast and 
the percolative current flow for magnetization current at external magnetic 
field. 
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5. Conclusions 

Our measurement showed that the MO technique is a powerful tool for 
visualizing the defect structures and current obstacles in superconductors 
subjected to thermo-mechanical heat treatment. BSCCO and MgB 2 wires, 
and YBCO coated conductors all still contain many current limiting defects 
that can be seen by MOL 
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Abstract Magneto-optical imaging (MOI) is an excellent tool to visualize magnetic flux 
patterns in superconductors with high spatial as well as temporal resolution. 
Furthermore, full quantitative MOI allows the determination of main properties 
of the (metastable) critical state, such as Meissner and critical current density 
distributions or electric field distributions related to thermally activated or current 
driven relaxation. A key step is the accurate calibration of the magneto-optically 
measured light intensities into a local magnetic flux density distribution, where 
properties of the MO layer as well as of the imaging system have to be taken 
into account. In this article, we give a short introduction into flux imaging, 
calibration techniques, current imaging and a completely new account on electric 
field imaging of relaxing magnetized states of high-temperature superconducting 
thin films. For all methods presented, we give examples using single crystalline 
and bicrystalline YBa 2 Cu 3 0 7 thin films. 

Keywords: Magneto-optics, critical currents, high-temperature superconductors, vortex dy- 

namics 



1. Introduction 

During all periods of investigation of magnetic and current carrying proper- 
ties of superconductors it was desirable to apply a method for the measurement 
of the spatial distribution of the magnetic flux density. Imaging techniques based 
on the magneto-optical Faraday effect are excellently suited for that topic be- 
cause they combine relatively high spatial resolution and magnetic sensitivity 
with short measurement times and large imaging areas. 

Since superconductors do not exhibit a significant Faraday effect, one usually 
places or deposits magneto-optically active layers on top of the superconducting 
samples. Different magneto-optical (MO) materials, such as paramagnetic Eu 
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chalcogenides and halogenides [1, 2] have been used in the past (see also the 
review article [3], or the article of H. U. Habermeier in this proceeding.). A 
great step forward in the application of the magneto-optical technique was 
the development of (Lu.Bi)-doped iron garnets with in-plane magnetization 
vector [4-7]. 

Theses sensor films allow full quantitative flux imaging which represents 
the basis to proceed from flux imaging to current imaging via Biot Savart’s 
law. Time resolved magneto-optical imaging also allows the investigation of 
dynamic properties of vortex ensembles, such as the electric field distribution 
and the related local dissipation. Many aspects of the quantitative methods for 
the analysis of superconductors are described in detail in a review article [3]. In 
this paper we summarize some aspects and give examples for the application of 
the presented methods to single crystalline and bicrystalline high-temperature 
superconducting YBa 2 Cu 3 C >7 films (YBaCuO). 

2. Quantitative flux imaging 

We focus here on ferrimagnetic doped iron garnet films with in-plane mag- 
netization vector which are most common and most important for the magnetic 
flux visualization in superconductors; for an overview see also [11]. 

In materials with longitudinal optical birefringence, the polarization vector 
of an incident linearly polarized light beam propagating over a length l parallel 
to a magnetic field H is rotated through an angle a (H). The two eigenmodes of 
light propagation in the crystal are right and left circularly polarized light. The 
difference in the real index of refraction for these modes An = — 

ur(uj,H) gives rise to the Faraday rotation 

ojI . 

a=—An. (1) 

The difference in real index of refraction An is directly proportional to the 
expectation value of the magnetic moments < y z > along the propagation 
(z-)axis [8]. 

If a magnetic field H z is applied normal to a garnet with in-plane magneti- 
zation vector, M is rotated out of the film plane by an angle 

. H z 

4> = arctan— . (2) 

ilk 

H k represents the anisotropy field of the film. The Faraday rotation is propor- 
tional to the normal component of the magnetization. More details on calibra- 
tion and calibration errors can be found in [3, 13, 14]. 

As an example, fig. 1 depicts the calibrated magnetic flux density distribu- 
tions B z (x, y) at the surface of a bicrystalline YBaCuO film with a 4° [001] 
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Figure L Imaging of the normal magnetic flux density distribution B z (x,y) at the surface 
of a bicrystalline YBaCuG thin film with a 4° [001] tilt boundary. After zero-field cooling to 
T — 5 K, an external magnetic field is applied normal to the film plane: a) fioH cx — 2 A mT, b) 
fiollex = 16 mT and c) H ex = 32 mT. In d) the external field is decreased from a maximum 
value of no Hex = 120 mT to 48 mT. 



tilt boundary in different external magnetic fields. After zero-field cooling to 
T — 5 K and applying a very small external magnetic field of — 2A mT 

(fig, la), the sample shows typical thin film flux profiles, with a large self-field 
peak at the sample edges and a monotonously decreasing flux density towards 
the sample interior* This behaviour is also visible at the position of the grain 
boundary, however, due to the reduced intergranular critical current density, the 
penetration depth of the flux is locally enhanced. 

For different external magnetic fields, the bicry staUine sample may exhibit 
qualitatively different flux patterns* During the increase of H ex to 16 mT 
(fig, lb) the flux penetrates further into the sample's interior. Whereas the 
qualitative behaviour of the flux patterns in the grain remains the same (despite 
of the larger penetration depth and the higher values of the flux densities), the 
flux pattern at the grain boundary significantly changes: We observe large local 
flux densities up to B z — 38 mT which are much higher than the applied 
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external field of Mo H ex = 16 mT and also higher than the local maxima of the 
flux density at the sample edges ( B z = 28 mT). A similar behaviour is visible 
in fig. lc, where noH ex is increased further to 32 mT. In this case, one observe 
local B z up 64 mT at the grain boundary, whereas B z = 48 mT at the sample 
edges. 

This behaviour can be understood by an analysis of the current distribution 
in bicrystalline films (see fig. 2 in the next section). It is explained by the self- 
fields which are generated by the current density components flowing parallel to 
the grain boundary. For a detailed analysis of this effect see [15]. In decreasing 
external fields (fig. Id), the flux preferentially leaves the sample at the gr ain 
boundary. With decreasing H ex , areas of reversed current density penetrate 
into the sample. At the grain boundary both current components (parallel and 
across the grain boundary) are involved in the reversal process, giving rise to 
very complex flux patterns. 



3. Current imaging in thin films 



Imaging of the magnetic flux density distribution at the surface of super- 
conductors provide qualitative insights into flux pinning and supercurrent dis- 
tributions. In many cases, however, it is desirable to obtain quantitatively the 
magnitude and the directions of the flowing shielding and critical current den- 
sities. The general relation between the measured flux density distribution and 
the flowing supercurrent density j is given by Ampere’s law 



Moj = V x B. 



( 3 ) 



In real flux imaging experiments, one has flat samples with finite sizes and the 
flowing supercurrents generate magnetic self-fields with strongly curved field 
lines. Consequently, the application of the original Bean model which is valid 
for long samples in parallel field is not possible [16, 17]. 

However, for samples with two-dimensional current distribution j (x, y, z ) — 
e X jx(x , y, z) + e y j y (x, y, z), the analysis of j may be done by Biot-Savart’s 
law. For the measured B z -component of the magnetic flux density one has 



B z (y') — 1-loHex 4 ” 



mo r 

47t Jv 



jx(r')(y ~ y 1 ) - jy{ r'Xx - X 1 ) 



r — r 



dV. (4) 



Equation (4) may be used in two different ways for the quantitative analysis of 
the current distribution [3]: Either one uses models for the current distribution 
j (x,y) and compares the calculated B z (x,y ) distributions with the measured 
ones. Model-independent methods are based on direct inversion of equation 
(4) by numerical methods [19, 20] and allow to proceed from flux to current 
imaging via quantitative MOI. The restrictions of used methods and more details 
of the processing are discussed in [3], 
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Figure 2. Current analysis of the bicry stalline YBaCuO thin film with 4° [001] tilt boundary, 
shown in fig, I, The figures show a superposition of the magnetic flux density distribution 
(greyscale) with current flow lines and current density profiles of j x (y) and j y (x) t taken along 
the dash-dotted lines. The analysis is done at T = 5 K and — 24 mT in increasing field 

(a) and fiQH ex = 22.4 mT in decreasing field (b). The noise in the profile of the intergranular 
current density O'* profile) is due to the high pass amplification by inversion of Biot-SavarCs 
law. 



As an example for an analysis of the current distribution, fig. 2 shows the 
current flow lines and current density profiles of the samebicrystaHine YBaCuO 
film as in fig. 1. In increasing magnetic field, the sample is divided into two 
current 1 oops, which are partly connected across the grain boundary. The current 
stream lines near the grain boundary are strongly bent. The intergranular current 
density is strongly inhomogeneous and hasa maximum valueof j'gb ~ 1.2- 10 11 
A/m 2 compared to j c up to 4 ■ 10 11 A/m 2 in the grains. The presence of a large 
current density component parallel to the grain boundary is the main reason 
for the large stray fields observed in fig. 1. We find strong evidence that the 
self-field distribution along the grain boundary, with a large maximum in the 
sample center, is the main reason for the inhomogeneous intergranular current 
density [15]. 

4. Electric field imaging 

The determination of electric field distributions within superconductors is of 
fundamental importance both for basic research as for applications. It allows 
new insights into dynamical properties of vortices in superconductors as well 
as the analysis of local maxima of hot spots which could destabilize supercon- 
ducting transport. 

The electric field imaging of superconductors is done by measuring the time 
development of the magnetic flux density distribution by MOI. Our analysis of 
the electric field distribution in superconductors is based on the set of Maxwell 
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Figure 3. Analysis of the thermally activated relaxation of a magnetized state of a square 
shaped single crystalline YBaCuO thin film with thickness of 500 ntn- a) Calibrated magneto- 
optical image with the B z [x % y) distribution. The image is taken 1.2 sec after ramping up the 
external field from a zero field cooled state at T — 8K to \x oH ex = 86 mT. b) The same image 
with superimposed current stream lines and two current density profiles along the dot-dashed 
lines, c) Time change of the flux density A B z (x,y) = B z (x,y,t - 1.2sec) - B z (x,y, t - 
0.7sec) d) Greyscale map of the absolute value of electric field distribution in the z = 0 plane 
at t — 1.2 sec. The profiles of the electric field are taken along the black lines. 



equations 



OB/dt — -V x E, (5) 

V ■ E - n/eoe , (6) 

According to Eq. (5) an electric field distribution is induced by the temporal 
change of the magnetic flux density B. However, Eq. (5) only determines the in- 
ductive part of E. Generally, the total electric field is comprised of an inductive 
component E itl and a potential component E pot = — V0, The potential com- 
ponent is determined by eq. (6), where n denotes an external or induced charge 
carrier density and can be determined via Poisson equation —A<j> = n/(e qc) 
with the appropriate boundary conditions. 
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Figure 4. Greyscale map of the E x (a;, y) (a) and E y (x } y) (b) components of the electric field 
in the z = 0 plane for the same conditions as in figure 3. 



In the following, we consider only electric fields in magnetization exper- 
iments of superconductors. The electric field is generated during thermally 
activated relaxation of the flux gradients and currents in a stationary external 
magnetic field. In this case, no external potential or electric charge is present 
A charge density distribution which is induced by inhomogeneous vortex mo- 
tion [21] during external field sweep relaxes very fast compared to typical time 
scales of MOI [22], 

A solution of Eqs. (5 - 6) can be obtained for two-dimensional current dis- 
tributions in thin films [22] with a ^-independent current density. The time 
evolution of the 2D-current density can be determined from the measured time 
evolution of the normal flux density component B z (t) at the film surface of 
the superconductor via inversion of eq. (4). The knowledge of }(x y y } t) in the 
film determines unambiguously the time evolution of the magnetic flux density 
distribution in full space in and around the superconducting film and allows an 
integration of eq. (5) by means of two-dimensional fourier transformations. 

The electric field distribution in the central plane £ = 0 of the superconductor 
is then obtained by integration of eq, (5) in Fourier space [22], giving 



~ ~ d 2 k 

E x (k x , k y , z - 0, t) = -Mo d t j x (k x , k y , t) — - 

d 2 k 

Ey{k x , ky,z = 0 ,t) = -no9 t jy(k x ,ky,t)~ + «%7~. 



(7) 



with 



7 = —wh (*-) 



k k ~ 

~^jx{_k X yky i t) ki 



xy fay 3 ^)| - 



( 8 ) 



Note, that this solution fulfills divE = 0 and is consequently only valid in the 
thin film limit for n — + 0. In contrast to our earlier work [23] which considers 
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only the part of the electric field which is generated by flux motion inside the 
superconducting film, eq. (6) takes all flux changes of the self field outside the 
superconductor into account. 

In the following, we present the electric field distribution for a square shaped 
YBaCuO film with 500 nm thickness and a width of 1.2 mm. After zero field 
cooling to T = 8 K, an external magnetic field of noH,,,. = 86 mT is applied 
with a ramp rate of 0.3 mT/sec. A series of images of the normal component 
of the magnetic flux density is taken with a time resolution of 120 ms. 

Figure 3a depicts the B z (x,y ) distribution 1.2 sec after application of the 
external field. The thermally activated flux creep can be nicely seen in fig. 
3c, where the temporal change of the flux density A B z (x, y) = B z (x, y,t = 
1.2sec) — B z (x, y,t = 0.7sec) is depicted as a greyscale image. The resulting 
electric field distribution is visualized in fig. 3d. The image shows the absolute 
value E(x,y) = (E^(x, y) + Ey(x, y)) 1 / 2 of the electric field at t = 1.2 sec 
after external field sweep. Similarly to the flux domain structure, one observes 
four domains in the electric field pattern. In each domain, the electric field 
has a local maximum and local minima at the discontinuity lines, similar to the 
theoretical patterns obtained by E. H. Brandt [21], 

Figure 4 depicts the distributions of the electric field components E x (x, y) 
and E y (x, y) according to eq. (6). The electric field distribution in fig. 4 is 
characterized by the following features: (i) Due to opposite current direction in 
opposite flux domains, the electric field exhibits a sign reversal, (ii) Within a 
flux domain, the electric field is inhomogeneous. | E{x, y) shows a maximum 
near the middle of each film edge, (iii) In addition to the sign reversal at opposite 
flux domains, the electric field displays a sign reversal at each flux front, where, 
however, the direction of the current is unchanged. This sign reversal is related 
to the local increase of Meissner screening current density [23]. Interestingly, 
non-vanishing electric field components of E x and E y are present also in the 
current domains which are dominated by the j y and j x components, respectively 
(see the horizontal profile in fig. 4b). 

5. Summary and Conclusions 

In this article we have presented a short introduction into full quantitative 
magneto-optical analysis of the critical state of superconductors. Based on 
the quantitative description of the magneto-optically sensitive layer together 
with the optical imaging system, a calibration of the measured light intensity 
distributions to magnetic flux distributions is possible. One has to take care 
with respect of different sources of calibration errors, such as the coupling 
of in-plane self-fields to the magnetization vector of the iron garnet indicator. 
However with a careful analysis of these errors, a flux imaging with sensitivities 
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better than 10 /xT, spatial resolutions better than 1 pm and time resolutions up 
to 10 nsec (in our imaging system) are possible. 

Based on the flux calibration, we showed how current imaging and electric 
field imaging is performed for 2D current distributions in thin film supercon- 
ductors. The electric field imaging opens up a new window to the analysis of 
metastable and dynamical properties of vortices in superconductors on a meso- 
scopic length scale. Having determined the electric field distribution, it is very 
easy to proceed to the determination of other dynamical properties, such as 
the dissipated power density p = j • E, the local flux velocity v = E/B and 
the local activation barrier U = -k B T\n(v/v 0 ), where k B is the Boltzmann 
constant, T the temperature and vq depends only on material constants of the 
superconductor. 
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Abstract We report on magneto-optical studies of interactions between Josephson vortices 
and pancake vortex stacks in Bi 2 Sr 2 CaCu 2 0 8 +d single crystals under tilted 
magnetic fields. The experiment reveals a strong coupling between the two vortex 
subsystems over a wide range of crossing fields and temperatures. Variations of 
the anisotropy across the samples are estimated from the field dependencies of the 
Josephson vortex periods. A stepwise shape of these dependencies reveals tran- 
sitions between non-equilibrium Josephson vortex configurations. Characteristic 
defects in the Josephson vortex lattice and interactions of the Josephson stacks 
with crystal imperfections are observed. The results are discussed based on the 
recent theoretical predictions for crossing vortex lattices in strongly anisotropic 
layered superconductors. 

Keywords: Josephson vortices, BSCCO, anisotropy, tilted field 



1. Introduction 

The magnetic flux in type II bulk isotropic superconductors is presented by 
the lattice of mutually repelling Abrikosov vortices which are aligned with the 
external magnetic field. So when the field direction is changed the vortex lines 
tilt in appropriate direction while preserving the lattice order. In moderately 
anisotropic superconductors a new feature emerges. When the field is tilted 
from the normal to the anisotropy plane an attraction between vortices appears 
and they form chains along the in-plane field component. This effect was 
predicted based on the London approximation in [1-3] and its physical nature is 
in the reversal of the magnetic field direction at some distance from the vortex 
in the anisotropic sample. New rich features appear in strongly anisotropic 
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layered superconductors, such as BSCCO and some other high temperature 
cuprates, where the currents are mainly confined in the Cu0 2 planes and are 
strongly suppressed in the perpendicular direction. As a result, there are two 
kinds of vortices carrying mutually perpendicular components of the magnetic 
flux. The induction component normal to the Cu0 2 planes is presented by 
pancake vortices (PV) with a normal core, which are residing in the planes 
and carry the magnetic field within the penetration length \ ab around their 
axis [4—6]. They couple to the pancakes in other planes by the magnetic and 
Josephson interactions (the first one dominates in BSCCO) and form lines along 
the c-axis. The in-plane induction is carried by the Josephson vortices centered 
between the planes [7, 8 ] and holding the field in a squeezed cylinder of a size 
~ A c = 7 A ^ a long the planes and ~ X ab along the c-axis (the anisotropy 
7 = V m c/ m ab is ~ 500-800 for BSCCO). Josephson vortices (JV) have a 
superconducting core of ~ ,s x Xj size where the order parameter phase across 
the interplane spacing s (s = 15°A for BSCCO) changes by 2ir on a Josephson 
length Xj = 7 s. Corresponding c-axis currents are maximum at 0.8A j [9] 
and in-plane currents are maximum in the neighboring planes around the vortex 
center. As a result, tilted fields produce two crossing vortex lattices, which are 
independent in the first approximation [ 10 , 11 ], 

Different experimental techniques were successfully used for imaging usual 
vortices (see e.g. in [12]). However, imaging Josephson lines needs very high 
field sensitivity because appropriate field modulations are very small. So far, 
only the SQUID microscopy succeeded in revealing irregular Josephson vortices 
on the edge face of the high-T c cuprates in milligauss in-plane fields (see [13] 
and ref. therein). Therefore, information about the JV lattice (in cuprates) was 
usually extracted from indirect macroscopic data [14]. 

A new opportunity arose after comprehension that the two kinds of vortices 
are actually tied. Yet first Bitter experiments on BSCCO [15, 16] revealed 
quite peculiar structures in tilted magnetic fields. They were suggested [17] 
to be due to the coupling between the two vortex systems. Later calculations 
[18] really found that PVs are attracted to the JVs and can thus decorate them. 
This has enabled studies of JVs by decorating them with a small perpendic- 
ular field. Such an approach was first demonstrated in a beautiful scanning 
Hall probe experiment [19]. Inspired by this work we performed the magneto- 
optical imaging of the Josephson vortices decorated by normal fields [20]. The 
major advantage of the magneto-optics is the ability to make large scale ob- 
servations which allowed us to find some peculiarities of the JV lattice and its 
interactions with PVs. Similar MO experiments were conducted by the group 
of Tamegai [21]. Also, PV chains along the JV lines in thin BSCCO films were 
observed using the Lorentz TEM by the group of Tonomura [22, 23]. This on- 
going experimental activity was supported by theorists [24—28] who explored 
the PV/JV interactions and built an intricate diagram of the vortex states and 
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Figure 1. Josephson vortex stacks decorated by pancake vortices (bright lines of increased 
B.) at changing in-plane field. Hz= 2 Oe, T=82K. 



transformations between crossing and tilted lattices. It was shown [26] that in 
addition to the attractive PV/JV crossing energy [18] there is a magnetostatic 
attraction between PV stacks bent by the currents of Josephson vortices. Such 
an attraction combined with natural repulsion of pancakes should result in an 
equilibrium distance between the PV stacks decorating JVs, cause an uneven 
decoration of JVs at small normal fields H z , and assist the transition to tilted 
PV stack chains at large enough H z . In the experiments discussed below the 
normal field was much smaller than the in-plane component, so that we could 
just decorate JVs and study their properties. 



2. Experiment and discussion 

The magneto -optical technique using in-plane garnet indicators proved to be 
a convenient and sensitive tool for imaging and quantitative analysis of normal 
fields in superconducting and magnetic materials (see e.g. [12]). Here we 
employ it for studying PV/JV decoration patterns in BSCCO crystals which 
were either cooled in the in-plane field (H p ) or zero-field cooled and then 
H p applied. At larger temperatures, where we observed most robust patterns, 
both procedures gave practically the same results. At each H v small normal 
fields (H z ) were applied and removed. MO images at each combination of 
the fields were recorded using mega-pixel 16-bit digital camera. We revealed 
that at T > 80K PVs practically totally leave the sample at switching off H z 
and worked in this range to avoid the effects of irreversibility on the PV/JV 
patterns. Successive images of the PV chains at increasing H p are shown in 
Fig. 1 . First reliably detectable lines appear at H p > 2 Oe. At small in-plane 
fields they are irregular indicating that interactions between distant JVs are 
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still to small to form a lattice and are distorted by sample inhomogeneities. 
However, at larger H p the lines straighten and form a periodic lattice where 
the period D can be well approximated by 1/ \J H p . This is expected for the 
period of the JV stacks which form a hexagonal lattice which is stretched along 
the planes and compressed along c y/j times: D x = (V3^ 0 /2H p )^ 2 , d x = 

(2$ 0 / \/ r ?>'yH p ) l l‘ 2 (see Fig.2a). So the only material parameter determining 
the JV lattice is the anisotropy 7 which can be readily found from 1/D 2 as a 
function of H p as shown in Fig.2b (see also [19, 20, 21]). 

We found that D can vary across the samples revealing variations of 7 due 
to the sample structural imperfections [ 20 ], Another remarkable feature is the 
appearance of steps on the D(H p ) dependence. On one hand, they reduce the 
accuracy of the estimates of 7 . On the other hand, they are not an artifact of 
measurements but an evidence of some nonequilibrium behavior of the JV lat- 
tice. To adjust the lattice parameters to the external field JVs have to move both 
along and across G 1 O 2 planes. The motion along the planes is easy. However, 
crossing the planes is hindered by a noticeable intrinsic pinning, which can im- 
pede formation of the equilibrium state. Note that there can be another JV lattice 
configuration (right panel in Fig.2a), which has the same energy in the absence 
of H z and becomes only slightly less favorable when H z is applied [29]. It has 
\/3 times smaller D 2 = ( 7 $ 0 / 2 V 3 H x ) 1 /2 an d l arger d 2 = (2 v / 34 > 0 /7H x ) 1 / 2 
and can be realized during the JV lattice transformation. Also, there can be the 
whole set of different other structures (effect of phyllotaxis) predicted for the 
strong intrinsic pinning [30]. Similar transitions between different JV struc- 
tures were suggested to explain steps on the vortex melting diagram in tilted 
fields [31]. Another consequence of the free motion of Josephson vortices in 
the planes is the formation of specific defects in the JV lattice. In the PV/JV 
decoration patterns we observe “dislocations” and “interconnects” as illustrated 
in Fig.3a. These peculiarities correspond to the transfer of Josephson lines be- 
tween neighboring stacks (see the scheme in Fig.3a) and shows that pancake 
lines decorate JV s arranged at different depth from the surface. Forks in pancake 
chains are observed also in the Bitter decoration patterns [32]. 

In the visualization experiments it is very important to apply a strong enough 
normal field supplying sufficient amount of pancakes for decorating JVs. When 
H z is small the long range electromagnetic interactions between PV stacks re- 
sults in a decoration of each second or third (and so on) JV stack, i.e. with a 
period N ■ D where the integer N is > 1 [26]. This effect is illustrated in Fig. 3b 
where twice the number of JVs is revealed at increasing H z (see also [20]). 
Similar behavior at ramping H z up was observed in thin BSCCO films using 
Lorentz microscopy, although it was not discussed by the authors [23]. We re- 
veal also the effect of PV clustering in low H z (see Fig.3c). It could be expected 
due to the mutual attraction along the JV line forming the equilibrium distance 
between PV stacks [26] (see also [24]) and was also observed in the Hall probe 
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Figure 2 * Scheme of two possible 

Josephson vortex configurations (a). The 
unit cell is shaded on top panels. Lower 
panels show these configurations at 7 = 5 . 
(b)- Field dependence of the JV stack period 
at T =82 K. 7=512 fits the data assuming 1st 
configuration. 



Figure 3 . (a) Defects in the JV lattice, 

II p = 12 Oe. (b) Doubling of decorated JVs 
at increasing H z from 1 to 2 Oe, H p =31 
Oe. (c) Clusters of PVs along JV stacks at 
H p = 18 Oe, l Oe. T=82K. 




Figure 4. (a) Channeling of PVs along 

JV stacks at increasing H z from 1 in (top) 
to 2 Oe in (bottom), H p =21,5 Oe, T=82K. 



Figure 5. (a) Delivery of B t flux from 

a concentrator near the edge to the interior 
of the sample¥ along JVs. H z =\ Oe , H v 
components are shown, T=80K. 



experiment [19]. From successive MO images of JVs in increasing normal 
fields we can conclude that channeling of pancakes along the Josephson stacks 
is the main mechanism for PV/JV decoration. Even in high quality BSCCO 
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crystals there are many spots of increased B z . Such sample imperfections are 
hardly resolvable by X-ray techniques and electron microscopy. However, they 
strongly modify the superconducting current trajectories and affect normal flux 
distributions but do not show any action on JVs. From these “sources” of B z 
PVs spread along JV s as shown in Fig.4. When the B z spots grow across JVs at 
increasing H z , appropriate motion of pancakes shifts Josephson lines. In turn, 
pancakes are transferred by moving JVs at varying H p . The latter was observed 
also in [19]. Above observations indicate to a strong coupling between the two 
vortex subsystems which could seem quite unusual because a contribution of 
this coupling to the total energy of vortices is expected to be very small. Ac- 
counting the energy of one PV/JV crossing and a number of crossings given by 
the density of Josephson lines in c direction ( 1/d), the energy change A E x 

for a vertical line of pancakes crossing the JV stack referred to the energy of 
noncrossing PV line E 0 should be at low T [20]: 

AE * /E ° = ta(A„X ( ) A M3.5A) (s/<,) ~ °' 56(s/<i) 



Here A = A ab /Aj,A ab (0) = 2000A, £ ab = 30X a = lb°A, and 7=500. The 
electromagnetic attraction of PV lines at an equilibrium distance along the JV 
stack [26] referred to the energy of noninteracting lines, is [20]: 

a tp „ —2(s/d) [1/ ln(A ab / £ ab )] 

L-xH/^Ul ^ — — 

[A In A \n(^/sJdA In A)J 

with A = Aj/A ab . For comparing with the crossing energy we take d for 
H p = 100 Oe in denominator and get AE em /E 0 ~ 0.0039(s/d) << AE X /E 0 . 
At smaller H p AE em / Eo is even smaller. The situation changes with the tem- 
perature increase of A ab (T) = A ab (0)/[1 - {T/T c )\ 1 / 2 because both attraction 
contributions depend only weakly on A ab whereas the intrinsic energy E 0 of 
the PV line drops strongly ( ~ A~ b 2 ) near T c . As a result, when X ab grows to 
be ~ A j the contribution of AE em becomes larger than AE X and they both 
become comparable with Eo. So the decoration patterns should be better at 
larger temperatures and we do observe this in our experiments. 

An interesting application of the observed efficient PV channeling along JVs 
could be a controlled delivery of pancakes to the desired locations in the BSCCO 
crystals. Fig.5 shows a “projector” of pancakes directed from a defect acting 
as a local source of B z along the JV line when an additional in-plane field is 
applied. So it is possible to locally generate pancakes and transfer them in a 
desired direction by appropriately orienting H p . Different devices exploiting 
manipulation with pancakes by Josephson vortices are presently being discussed 
in literature [27]. 
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3. Conclusions 

In conclusion, our research shows that magneto-optics can be effectively 
used for studying Josephson vortices which are revealed due to their decoration 
by pancake vortices. The decoration is driven by the preferential channeling 
of PYs along JVs. Coupling between the two vortex subsystems is a robust 
effect, which is observed in a wide range of temperatures and crossing fields. 
Nonequilibrium configurations and defects appear in the JV structure due to 
the easy motion of Josephson lines along the cuprate planes and their hampered 
motion across the planes. This brings an error in the anisotropy estimates from 
the field dependence of the JV stack periods. Our observations demonstrate a 
possibility to manipulate PVs by JVs and vice versa. 
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Abstract We have studied the dynamics of iron-garnet films using a pump-probe technique 

and were able to demonstrate that the response time of such a film is sufficiently 
short to investigate sub-nanosecond phenomena. Furthermore, we studied the 
penetration velocity of the dendritic instability in thin YBCO films. We found 
two regimes: An early stage with a penetration velocity of up to 170km/s and 
a distinct later stage were the velocity is lower (w 18 km/s). 

Keywords: YBCO, time resolution, flux penetration 



1. Introduction 

The first spatially resolved observation of flux jumps was reported in 1967 
by Wertheimer et al. [1], who studied superconducting Niobium discs with a 
thickness of several tenths of a millimeter by means of magneto-optics. These 
authors found finger— like flux fronts with a typical width of 1 mm which prop- 
agated with a typical speed between 5 and lOOm/s. Later on studies of thin 
superconducting Niobium and YBCO films showed a similar flux jump phe- 
nomenon. It most often results in a dendritic flux pattern, independent of how 
the avalanche developed, i.e. spontaneously [2-4] or triggered by local heating 
of the sample with a short laser pulse [5, 6], 

That dendritic flux avalanches are a rather general phenomenon in super- 
conductors was corroborated recently by similar observations in a couple of 
materials (MgB 2 [7] or YNi 2 B 2 C). 
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Figure 1. Experimental setup. For details see text. 



2. Experimental setup 

The requirement for the investigation of dendrite dynamics is a temporal reso- 
lution in the sub-nanosecond regime. This is due to the high velocities occurring 
during the development of flux avalanches. We have used a magneto-optic tech- 
nique, with a Bi-doped Yttrium Iron Garnet (YIG) film on Gadolinium Gallium 
Garnet as the sensor layer [9], which was mounted on top of the superconductor 
[ 10 ]. 

The spatial resolution was on the order of a few pm. The high temporal 
resolution was achieved by a pump-probe technique in combination with a 
Ti: sapphire pulse laser (t = 150 fs) as an illumination source. The experimental 
setup is sketched in Fig. 1 : The laser pulse is split into two. One part is used to 
trigger a flux avalanche, whereas the second part is fed through an optical delay 
line and is then used to take a magneto-optic snapshot of the flux distribution. 
In order to provide a measure on the instantaneous velocity double exposures 
were made by further splitting the imaging pulse into two, one being delayed 
with respect to the other by only a few nanoseconds, as it is illustrated in Fig. 3. 
This technique has been used to obtain the data in Fig. 4b. The samples were 
10 x 10 mm 2 YBCO thin films on strontium titanate deposited by the PLD 
technique. The physical limit in temporal resolution with this setup is given by 
the response time of the YIG film, which was found to be less than 200 ps in 
our case [8]. 

3. Garnet dynamics 

To measure the dynamics of a garnet film a fast magnetic switch was needed 
to apply a magnetic field sufficiently fast. To accomplish that a 330 nmYBCO 
film has been structured in circles of 0.25 mm, 0.5 mm, and 0.75 mm radius. 
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Figure 2. z-component of the magnetic field as indicated by Faraday rotation measurements. 
The closed symbols show the behaviour of a 39 by 39 pm 2 area from the interior of the sample, 
when heated in an external magnetic field. The field penetrates from the edges and the Faraday 
rotation increases. The open symbols show the same spot, but when the sample was field cooled 
and field is leaving the sample during heating. The lines are meant as a guide to the eye and 
represent a ten point average of the data points. 



We cooled the sample below T c and applied a magnetic field of 50 mT. Now the 
entire circle was heated above T c ; the shielding currents decay rapidly because 
of the resistivity of the YBCO film. The field distribution was measured by 
our snapshot technique after a varying delay (closed symbols in fig. 2). Now 
the field was switched off and another laser pulse was applied (open symbols 
in fig. 2). The time it takes the current to decay can be estimated from the 
inductance of the circle to be on the order of 0.1 ns. 

In the first picoseconds after magnetic field penetrates into the supercon- 
ductor the electron spin starts to orient itself parallel to the external field. The 
observed oscillation is due to a precessing motion of the spins. The response 
time for this particular garnet film was found to be « 0.2 ns and is therefore 
short enough for the investigation of dendrite dynamics. 
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Figure 3. A typical sequence of magneto-optical images at 10 K in an external magnetic field 
of 20.6 mT. Regions of high magnetic field appear bright. Picture size is 4 x 2.5 mm 2 , a) The 
YBCO film before the "nucleation pulse" is applied. One can clearly notice the enhancement of 
the field at the sample edge (left hand side of the picture), b) This is a double exposure picture. 
The exposures were taken 37.6 ns and 43.3 ns after nucleation of the instability. One can notice 
the light gray area at the dendrite tips showing the change between the two exposures, c) Here 
the final state of the dendrite is shown. The picture is taken 30 s after nucleation. 



4. Dendrite dynamics 

To study the dendrite dynamics a typical experiment was carried out in the 
following way; The sample was zero-field cooled below T c , and after reaching 
a stable temperature a magnetic field B ext was applied perpendicular to the film. 
The thin film geometry leads to an enhancement of the field at the sample edges, 
from where the magnetic flux penetrates partly into the superconducting film. 
It has to be pointed out, however, that in a thin film due to the 2-dimensional 
character shielding currents flow also in those areas of the film which are still 
in the Meissner state, i.e. the £t-field is zero [11], The resulting meta-stable 
field distribution was then disturbed locally at the sample edge by the focused 
laser pulse. For sufficiently strong perturbations this triggered a magnetic flux 
avalanche. Estimations suggest that the YBCO film was heated above T c in the 
focal spot of some 50 (am diameter, but an actual temperature measurement has 
not been carried out. However, the heating was subtle enough, not to damage 
the film locally, as tested by reversibility measurements. 

Now, we will discuss the variation of v after nucleation as the avalanche 
propagates towards the center of the sample. 
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Figure 4. a) Average length s of the dendrite branches. The sample was 330 nm thick and 
was held at T = 10 K in an external field of B ca = 17.3 mT. The straight line corresponds to 
a velocity of v = 18 km/s. b) Data points: propagation velocity v as determined by the double 
exposure technique (instantaneous velocity). The horizontal line is equivalent to the straight line 
on the left. 



An example for the average length s of the dendrites, determined by a se- 
quence of single exposures taken at different delay times t, is shown in Fig. 4a. 
The YBCO film was 330 nm thick in this case, the temperature 10 K, and the 
applied field 17.3 mT. From this plot it is obvious that the velocity is much 
larger in the beginning (which we will call regime I) than later on (regime II). 
Qualitatively this can be ascribed to the fact that the driving force for the den- 
drite is expected to be largest in the region of high field gradients, i.e. close to 
the sample edge. About 10 ns after nucleation, the slope and hence the velocity 
becomes more or less constant at a value of (18 ± 2) • 10 3 m/s (regime II), i.e. 
the dendrites are about 0.6 mm long when regime I changes to regime II. The 
velocity v(t) derived from the slope of Fig. 4a is plotted in Fig. 4b, together 
with data points obtained by the double exposure technique mentioned above. 
Apparently the two methods lead to comparable results, although the scatter of 
the data is relatively large. The error bars in the x-direction in Fig. 4b give the 
delay elapsed between the two exposures. 

The stage where the avalanche comes to a stop, is not easily accessible in a 
systematic way by the snapshot technique. However, we can conclude from the 
available data that the velocity does not display a gradual decrease, but drops 
to zero rather rapidly. 

5. Conclusions 

These investigations show that the dynamics of the garnet film is sufficiently 
fast to study processes in the sub-nanosecond regime like the dendritic flux 
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instability. The magnetic instability in thin YBCO films display some prominent 
features: one can distinguish between two regimes of flux propagation, an early 
stage, where the dendrite velocity is high and decreasing in time, and a late 
stage, where the velocity is nearly constant. Further systematic studies like the 
influence of magnetic field and temperature can be found in [12]. 
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Abstract A magneto-optical imaging system capable of observing individual 
superconducting vortices is described. Results obtained from measurements on 
NbSe 2 single crystals of various thickness are presented. It is shown that 
domain walls present in the ferrite garnet indicator film create in its vicinity a 
large number of vortices. The domain wall, which is of Bloch type, is easily 
movable by applying a weak in-plane magnetic field, an effect we have used to 
study the interaction between the wall and individual vortices. When a crystal 
is cleaved to progressively smaller thickness, we find a threshold below which 
the vortices are carried along with the wall over long distances. From knowing 
the threshold thickness and the critical current density we determine the force 
between a vortex and the Bloch wall to be between 1 and 3 pN. The “vortex 
shovel” effect can be useful when manipulation of individual vortices is 
needed. 

Key words: superconducting vortices, high resolution magneto-optical imaging, Bloch 

wall, magnetic force, vortex manipulation. 



1. Introduction 

In 1957 A. Abrikosov predicted [1] that magnetic flux penetrates type-fl 
superconductors in the form of tiny threads of flux, each carrying one flux 
quantum <b 0 = 2.07 10' 15 Wb. These threads, that are called Abrikosov 
vortices, repel each other and tend to form a lattice. U. Essmann and 
H. Trauble succeeded to obtain the first static image of vortex lattice in 1967 
using the Bitter decoration technique [2]. The vortices, however, cannot be 
resolved using conventional magneto-optical imaging, which detects only 
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the local density of magnetic vortices, B . The reasons are (i) a small distance 
between the vortices, (#/<> o) 1/2 , that is typically in the submieron range, and 
(ii) fast straying of magnetic field, which becomes essentially uniform only 
a few X above the superconductor surface (Xis the London penetration 
length, of the order of 0.1 pm). In the present work we describe design of a 
custom magneto-optical system that has allowed us to overcome these 
difficulties and resolving individual flux quanta in superconductors* 



2* Experimental 

The high resolution system is based on conventional MOI microscopy 
principles [3], A plate consisting of a strongly Faraday rotating film grown 
on a transparent substrate is placed in direct contact with the 
superconducting sample, which is mounted on the cold finger of an Oxford 
Instruments u High-Res” optical cryostat, see Fig* L The indicator film is a 
ferrite garnet of composition (Bi,Lu)a(Fe,Ga) 50 i 2 which was grown to a 



Ha-EaiTO 




Figure /. Schematic of the high resolution MOI setup* The sample is mounted on the cold 
finger of the cryostat, where the top lid consists of a bellows holding the objective lens of 
the microscope* The polarizer (P) and analyzer (A) are both of Glan-Taylor type, and a 
Smith beam splitter (BS) is used. The photo on the left shows the sample/indicator plate 
mounting, where straps of aluminium tape attaches the assembly to the cold stage. 
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thickness of 0.8 pm on a 0,5 mm thick substrate of (iOO)-oriented 
gadolinium gallium garnet (GGG) under conditions resulting in in-plane 
magnetization of the ferrite garnet film. It has a Faraday coefficient of 0.08 
deg/mT per micron film thickness for light of 546 nm wavelength, strongly 
present in the Hg-lamp used as light source for the imaging. 

A main challenge for the observation of individual vortices is to mount 
the indicator film sufficiently close to the superconductor surface, i.e., so 
that the magnetic field modulation of the flux line lattice is resolved in spite 
of the exponentially rapid decay of the amplitude away from the surface. 
Therefore, we did not deposit the additional layers conventionally used on 
the indicator films, namely a reflecting and protective layer. Instead the 
superconducting sample itself served as mirror. In this work we studied a 
number of NbSe 2 single crystals synthesized under identical growth 
conditions. A near perfectly flat and optically reflecting surface was 
obtained by careful cleaving of the samples. 

In the design of the microscope, a key issue was to minimize 
depolarizing effects, hence all optical components were carefully selected. 
In addition, the design deviates from a standard setup by having placed the 
objective lens inside the cryostat, thus integrating the microscope and the 
cryostat into one combined system. Another issue is to keep the mechanical 
vibrations sufficiently small in amplitude so that blurring of the MG images 
is minimized. A detailed description of the system is found in Ref, 4. 

(a) (b) 



Figure 2. MO images of vortices coming to the surface of a NbSe 2 crystal with T c = 7.2 K. 
The sample was field -coo led to 43 K in (a) 0.3 and (b) 0.7 mT, with the field applied 
perpendicular to the large face of the 8x2x0. 2 mm 3 sized crystal. An objective lens with 50 
times magnification was used. The scale bar is 10 jim long. 





Shown in Fig. 2 are typical MO images of vortices, where as usual, the 
image brightness represents the magnitude of the local out-of-plane field 
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component. The NbSe 2 sample was here cooled to 4.3 K while applying a 
magnetic field, which in a) and b) was 0.3 and 0.7 mT, respectively, 
resulting in the two different vortex densities. Note that at such low 
densities, the interaction between the vortices is relatively small, and leads 
to a disordered lattice governed largely by the pinning potential landscape. 



3. Bloch walls in the indicator film 

A common feature of the magneto-optical ferrite garnet Films with in- 
plane magnetization are domain walls separating regions of differently 
oriented vectors of spontaneous magnetization, M 5 . This walls are seen as a 
zig-zag line in magneto-optical images, and Fig. 3 shows one such example. 
In (a) such a zig-zag line is visible in the unpenetrated central part of a 0.3 
mm thick NbSe 2 crystal of width >v = 2 mm. In (b) one sees a close-up 
picture of a region containing the Bloch wall. It is evident that in the vicinity 
of the wall there is an excess density of vortices, showing directly that the 
Bloch wall perturbs the superconductor magnetically. 




Figure 3 . (a) Global MO image of the flux penetration in a 0.3 mm thick NbSe ; crystal. The 
zig-zag line is a characteristic pattern of Bloch walls in the ferrite garnet film used as 
indicator, (b) Close-up view of the vortex distribution near the Bloch walk The scale bar is 
10 pm long. 

This interaction between the Bloch wall and the vortex matter can be 
demonstrated also in dynamic scenarios [5j. It is well known that the Bloch 
wall is easily displaced in a smooth controlled manner by applying a tiny 
external magnetic field directed along the indicator film plane. Shown in 
Fig. 4(a) is the schematic of an experiment where the wall enters the field- 
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Bloch Turning 





Figure 4. (a) Schematic of the interaction between vortices in a superconductor and a Bloch 
wall in the MO indicator film, (b) MO image of a field-cooled vortex distribution in a 
NbSe 2 crystal, (c) MO image of the same area after sweeping a Bloch wall; a gap in the 
vortex lattice appeared at the turning point of the Bloch wall. The scale bar is 10 microns. 



of-view from the left, reaching a turning point, for then to retreat back to 
where it started. The MO image in (b) shows the initial condition of the 
sample, here a crystal of thickness 0.3 mm cooled to 4 K in a field of 0.5 mT 
creating an essentially uniform distribution of vortices. In (c) one sees the 
result of the described wall manipulation, and it is clear that the vortex 
lattice becomes largely perturbed. In particular, near the turning point of the 
wall motion there is created a gap of a few micron width where the vortices 
are now absent. We will argue below that the vortex displacement seen here 
is a bending of the vortices, as indicated in (a), rather than a full rigid 
displacement. This argument is based on results obtained using a crystal that 
was cleaved to smaller and smaller thickness. 

Seen in Fig. 5 (a) and (b) are the MO image of two vortex configu- 
rations at in a crystal of thickness 30 pm. Both images show the same area 
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Figure 5. (a) and (b): Vortex distributions in a 30 pm thick crystal before and after a pass of 
the Bloch wall from the left to the right: only small changes in the vortex positions are seen, 
(c) and (d): similar results for a 10 pm thick crystal: all the vortices are swept away. 



of the crystal, where one sees in (a) the “virgin” state and in (b) after a 
Bloch wall has moved across the area from left to right. Old and new 
positions of the vortices are indicated on the separate panel, where one sees 
that all vortices have been carried along with the Bloch wall. The exact 
vortex displacement varies somewhat, but they all fall in the range 2A pm, 
i.e., similar to the displacements found in the previous experiment made on 
the 0.3 mm thick crystal. Moreover, in both these cases, the observed 
displacements of the vortices are much smaller than their length. 

Shown in (c) and (d) are the results of the same experiment done after the 
crystal was cleaved from 30 to 10 pm thickness. Here, it is evident that the 
Bloch wall was able to move the vortices a much long distance. The fact that 
these displacements exceed also the crystal thickness, strongly suggests that 
the vortices are now not only bent, but follow entirely the motion of the 
Bloch wall. 

Based on this observation, we can quantify the force, /„. , that the Bloch 
wall exerts on each vortex. As this force is sufficiently large to completely 
depin a vortex of length 10 pm and fails to do so when the length is 3 times 
larger, one can set up the inequality 
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J c Oo x (10 |xm) < f w < J c <&o x (30 (xm) , (1) 

where J, is the critical current density and <f> 0 is the flux quantum. The J, of 
these NbSe e crystals can be obtained from global MO images of flux 
penetration, e.g., as seen in Fig. 3(a). From the Bean model of a long thin 
strip one has the following relation between the strip width, w, and the width 
of the flux free Meissner region, a, as the applied field is increased to B a , [6] 

a/w = l/cosh(7tfi a /fW c t) (2) 

Now, from the MO image in Fig. 3(a) it is clear that the flux penetration is 
not in full accord with the Bean model. Nevertheless, using Eq. (2) one 
obtains J c = 4-5 TO 7 A/m 2 , and the inequality (1) becomes 

1 pN < f w < 3 pN (3) 

where we have assumed that J c has the same value in all the crystals studied. 

4. Summary 

We have demonstrated that magneto-optical imaging can be used for 
real-time observation of Abrikosov vortices in superconductors. The 
vortices can be currently resolved in magnetic fields below 20 G, provided 
the superconductor surface is flat and reflecting. The method allows direct 
observation of vortex motion, and hence opens possibility for determination 
of fundamental vortex interactions, and designing devices for vortex 
manipulation. 
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Abstract Due to the occurrence of punctuations or avalanches, flux penetration in super- 
conductors is not the smooth process that is described in many textbooks. We 
investigate the relationship between spatial fluctuations of the vortex density map 
and vortex avalanches. For the experiment, we use a magneto-optical image lock- 
in amplifier. The optimization of this apparatus, in particular with respect to noise 
reduction is discussed. 

Keywords: polarimeter, magneto-optics, superconductivity, roughening, avalanches 



1. Introduction 

Flux penetration in superconductors is an inherently unstable process, as is 
clear from the quenching of superconducting magnets. The magneto-optical 
technique enables a detailed study of the instabilities involved. It turns out that 
even the Bean state is not completely geometry-determined, but often displays 
roughening behavior [1], where an initially straight interface (e.g. between 
Meissner and Shubnikov phases) becomes increasingly ’wiggly’. 

We use a specially developed magneto-optical image lock-in amplifier to 
accurately measure the local magnetic field above thin film superconductors. If 
the local field H z at position (x, y) in the sample is plotted along the z— axis, the 
resulting 3-dimensional surface is not smooth, but reminiscent of the somewhat 
irregular surface of a granular pile (such as a heap of sand). From a roughness 
analysis [2] the growth exponent (3 and roughness exponent a for that surface 
may be found. 

A close look at the evolution of the surface H z (x, y) reveals that its change 
as a function of the applied field is not continuous, but that the surface evolves 
by small and large sudden punctuations or avalanches. These avalanches are 
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characterized by their size distribution function (with exponent r) and self- 
similar topology (with fractal dimensions d B and D). 

In the present work we determine the exponents and dimensions mentioned 
above for flux penetration in thin-film YBa 2 Cu 3 0 7 superconductors and check 
experimentally scaling relations for self-organized criticality (SOC)[3]. 

In section 2 we discuss the experimental apparatus in some detail in view of 
the emphasis of this workshop. In particular we discuss the effect of (shot)noise 
in the camera on the determination of the local magnetic field as well as the 
effect of various possible imperfections in the measurement procedure. 

In section 3 the experimental procedure is discussed. In section 4 the method 
of analysis is given and our results are presented. The paper ends with a brief 
discussion of our findings. 

2. Experimental apparatus 

We study roughening and vortex avalanches in 80 nm thick YBa 2 Cu 3 0 7 films 
deposited on NdGa0 3 substrates by pulsed laser deposition[4]. Early results 
on the roughening behavior of the flux front were reported by Surdeanu et al. 
[ 1 ]. 

To local vortex density in the type-II YBa 2 Cu 3 0 7 superconductor is deter- 
mined from the ^-component of the magnetic field, H z , immediately above the 
sample by a magneto-optical technique. We use the Faraday effect in a sensi- 
tive garnet film with in-plane anisotropy, that is coated with a mir ror layer. The 
mirror is in direct contact with the YBa 2 Cu 3 0 7 sample, while the substrates of 
sample and indicator face outwards. The local H z -field is determined from the 
angle of rotation in the garnet film by a polarization microscope set-up. 

To be able to measure at high magnetic fields and at arbitrary temperatures in 
the range 2 — 300 K, we use a commercial Oxford instruments magnet system 
with a specially designed microscope insert. 

The insert, made of phosphor bronze, is shown in detail in figure 1. The 
sample assembly (i.e. sample and indicator mounted together on a dove-tail 
base plate) is placed in the dove-tail connection indicated in the figure. To be 
able to view with the microscope various parts of the sample, the holder has 
x and y motion. The cylindrical parts x. y screw into the body b. If they are 
rotated, their lower conical parts push on cantilevers c (only one is visible) that 
move the spring-loaded xy-table XY in respectively the x and y direction. To 
reflect the Faraday-rotated light exactly straight upwards into the microscope, 
the body b (which is spring-loaded against the plate r by the spring S and 
rests on the ball B ) can be tilted by the screws and ip, which push against the 
reference plate r. To reduce the undesirable contrast between different domains 
in the indicator film, the magnetization vectors of the domains must be oriented 
correctly with respect to the polarization vector of the incident light. This can 
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be done by rotating the dove-tailed sample holder with respect to the xy-table 
using screw 0. This rotating part and the xy- table are moving on 1 mm diameter 
sapphire ball-bearings. For coarse focusing, the whole assembly shown in the 
right-hand part of figure 1 can be moved in the 2 -direction, i.e. along the optical 
axis of the microscope, by rotating the screw 2 , that is screwing in block / and 
is fixed in a bearing with respect to the reference plate r. Block / can be fixed 
with respect to the cryostat by spring loaded pins p, which can be retracted 
for removal of the insert from the cryostat by a screw not shown. The whole 
assembly of figure 1 is at the end of a 70 cm long insert such that the sample is 
at the magnet centre-line position. 

All controls and screws are connected to long thin rods (see figure 2c) that 
run to the insert main body (figure 2b) where two 45° rotary joints (knees) are 
used to connect to commercial rotary feedthroughs thus allowing to make all 
adjustments from the outside while the sample assembly is at low temperature. 
The whole magnet system is shown in figure 2a. The camera, indicated by C, 
is immediately above the main body of the insert. 

In conventional magneto-optics, the local magnetic field is visualized by 
polarization microscopy as an image intensity I related to the Faraday angle 
<j> by Malus law I — L sin 2 <fr, where L is the intensity of the illumination 
source. This method has several disadvantages: (i) one cannot determine the 
sign of (j> (and hence of H z since <j> ^ H z ) (ii) for <f> close to zero the sensitivity 




Figure I. Detail of the insert showing the mechanism allowing x,y,z and 6, <p, ip adjustments. 
For explanation see text. 
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is very low and (iii) one needs to know I as a function of position in the 
sample. To some extent the first two problems are alleviated by the well-known 
trick to slightly uncross the polarizer and analyzer. We have developed [5] an 
extension of that idea, which we call magneto-optic image lock-in amplifier 
(MO-ILIA). The main idea is to modulate the relative orientation of polarizer 
and analyzer. If the deviation from crossed position is a, then the intensity 
after the analyzer is given by I = K + Lsin 2 (<f> + a), where we have added 
an offset-intensity K , which may be due to stray-light, imperfect extinction 
ratio of the polarizers or camera read-out offset. For small angles a and <j> (in 
practice always true) the outcoming intensity may be approximated by / = 
K + L(<p + a) 2 . By measuring intensities {7 +) / 0 ,/_} for three different 
values o — {+ao, 0, — cm} , the unknowns tfi, K and L are determined. In 
particular: 




Figure 2. (a) Overall view of the cryostat with magnet and the insert. The camera position is 

indicated by C. (b) Main body of the insert (without top cover) showing the 45° joints and rotary 
feedthroughs, (c) Lower part of the insert containing the mechanism shown in figure 1. 
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The calculation of O and L is carried out for each pixel in the image separately, 
either by special hardware in real-time at video rate [5] or at slower speed by 
software. The great advantage is a reliable determination of <:> (including its 
sign) and hence of H z irrespective of stray-light, uneven illumination etc. The 
price to pay is an increase in noise in the measurement of cj>. Due to the term 
(1+ ~ I -) in eq. 1, the absolute amount of noise will increase by about a 
factor y/2. If K is large (e.g. due to poor extinction ratio of the polarizers), 
the relative noise is increased very much due to the shot-noise nature of light 
intensities (noise ~ V7). In that case the intensities I + and /_ are large and 
hence the noise ^ I± in these images is also large, while the intensity modulation 
(1+ — I - ) d ue to the rotation in the sample is small, leading to a large relative 
noise y/2I±/ (J+ — I-)- Clearly, even with our modulation scheme, low K 
and good polarizers are essential. Potentially another source of noise is L, 
which enters in the denominator of Eq. 1. This is especially worrying since L 
can become close to zero in the presence of noise. For this reason, one may 
prefer [6] to use only (f> ~ (7+ — /_) hence omitting the normalization for 
uniform illumination. However, we prefer to include the no rmalizati on [5], 
Since the sample illumination is mainly uneven in space and varies only very 
slowly in time (due to lamp ageing e.g.), it is justified to reduce the noise caused 
by L to negligible amount by averaging L in time. Typically, the running- 
averaging L av = kLi n + (1 — k) L av is calculated over N = 100 images 
(k = 0.01), while taking care that before real data are taken the running average 
is steady. The convergence at the start of the experiment can be greatly sped up 
by the following recursion, based on the recursive least squares algorithm [7]: 

- FWTt (3) 

that starts with ko = 1 and then slowly converges to — 1 — e l / N (e.g. for 
N = 100 to k ~ 0.01). 

Noise is also increased by imperfect crossing of the polarizer and analyzer. 
A crossing-error angle <5 is equivalent to an extra rotation in the sample and may 
be incorporated in the formulae above by the replacement <fi —> <fi + 5. Due to 
the resulting larger intensities I (if a and 6 and 6 are in the same direction), the 
noise y/1 increases, while the sample rotation is unmodified. 

For the modulation of the angle a, we use a glass (Schott SF 59) rod with a 
large Faraday effect in a copper solenoid magnet optimized for field homogene- 
ity and connected to electronics that enables switching the current in a few ms 
(in the video blanking time). We choose this glass because of its low absorption 
compared to garnet films. If intensity is not at stake, the much more compact 
construction of Indenbom [6] may be preferable. 

If the modulation is done manually, there is always a risk of using a 
slightly asymmetric modulation a = {+ao + er, 0, -a 0 } instead of a = 
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{+ao, 0, — no}, resulting in a calculated <f) C aic given by 



, , (f>£ £ 

Ycalc — <P + -Z 1" X 

la o l 



which leads to a change in 0 by a factor (1 + e/2ao), which for typical values 
should be smaller than 10%, and to an offset | , which is particularly significant 
at positions in the image where the rotation angle <p is close to zero. 

To finish this discussion of the effects of noise with a quantitative statement, 
we calculate the effect of shot-noise in the images for the case of perfect sym- 
metric modulation of a. If the calculation in Eq. 2 is done with averaging over 
N images, then a simple error propagation analysis [8] yields a noise amplitude 
5<j> in the calculated Faraday angle <i) given by: 
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For N = 100 the difference in 5<f> calculated by Eq. 5 or Eq. 4 is less than 1%. 
Clearly the noise can be greatly reduced by increasing the illumination intensity 
L. Unfortunately, L cannot be increased at will, since the well-capacity of the 
CCD-camera limits the maximum number of photons that can be registered. The 
optimum is obtained by setting the illumination intensity L before the start of the 
experiment as high as possible but such that the saturation intensity of the camera 
W is just not reached for any local magnetic field and for any modulation 
angle a to be used during the experiment. Since I — K + L (a + </>) 2 , this 
implies that one chooses the illumination intensity L such that 



L (cro + l^maxl) — -^max K — C (6) 

where we introduce for brevity the new constant C. Under this optimal condi- 
tion, the noise is given by 



5<j) — 
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(7) 



from which one easily calculates that the maximum of the signal to noise ratio 
S/N = 4>/5<fi is obtained for a 0 = <f>max- 
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3. Experimental procedure 

After a cool down in zero field (ZFC), an external magnetic field is applied 
perpendicular to the sample surface. We measure the local //.j -field directly 
above the sample with the MO-ILIA as described above. Since each vortex 
carries one flux quantum O 0 = h/2e and since at the surface the vortices are 
perpendicular to the surface, the field H z is a direct measure of the vortex 
density. A typical plot of this vortex density as a function of position in the 
sample is shown in figure 3; the spatial resolution is such that 1 pixel corresponds 
to 1.4 i-im. 

The similarity of the figure with a heap of sand is striking. In five experi- 
ments [9] at 4.2 K, each time after ZFC, the magnetic field is increased from 
0 mT to 17 ml with a sweep rate of 1 mT/s in 50 juT steps. At every step, 
the sample is relaxed for 10 seconds after which an image is acquired. Below 
we analyze the roughness of the 2-dimension surfaces of these ’piles’ and find 
the avalanches that create the surface roughness. Then we relate the statistical 
properties of the avalanches to those of the surface. 

4. Analysis and discussion 

A rough interface, like the one shown in figure 3, can be characterized by the 
properties of its root- mean- squared width w. In the initial state of formation 
of the surface, this width grows with time f as a power law: w ~ tP where 




Figure 3. Local magnetic field H z (vertical) as a function of position in the sample (horizontal 

plane) at 15 mT external field after zero field cooling at 4.2 K. The edge of the sample is at the 
position of the top of the ridge. 
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P is called the growth exponent. In later stages, this growth is limited at a 
value w sa t by the system size L, where w sat ~ L a is found. A more accurate 
determination of the exponents is obtained by using instead of w the two point 
correlation function: 

C(x, t) = (((6(1*, r) -b(x + i,t + t)) 2 )£ t ) 1/2 (8) 

which has [2] similar scaling behavior: C{\x\ ,0) oc \x\ a and C(0,t) oc t fj . 
Plots of C(\x \ , 0) and C(0, t) for the five experiments [8] show nice power law 
scaling behavior. From these plots we find a = 0.79(10) and (3 = 0.60(10). 
The roughness exponent a is large and close to that found for certain mountain 
ranges [10], pointing to a large influence of static disorder (pin centers) in the 
superconductor on the flux penetration process. 

If two interfaces (such as shown in figure 3) at consecutive fields are sub- 
tracted, the difference is partially due to the change in externally applied mag- 
netic field and partially due to fluctuations caused by the flux penetration pro- 
cess. To study the latter, we subtract the change in external field from the 
difference between two consecutive images. The resulting image A is a map of 
redistributions of flux due to avalanches. If the penetration process was com- 
pletely homogeneous, A would be identical to zero everywhere. By contrast, 
in our experiment A is negative where an avalanche has removed vortices and 




Figure 4. Probability distribution P(s,L) for avalanches of size 5 in a system of linear 
dimension L. The cut-off is due to avalanches reaching the system size. The inset shows the 
results of finite size scaling with D = 1.89(3) and r = 1.29(2). Note the nice data collapse. 
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positive where an avalanches has deposited vortices. The sum over the whole 
image of the absolute value of all values in A hence yields twice the total flux 
in an avalanche. Clearly, from A one may also determine the avalanche shape, 
its volume fractal dimension D and its surface fractal dimension d B (i.e. for the 
projection of the avalanche shape on a plane corresponding to the pile average 
surface). 

In figure 4, the probabilities P (s, L) for finding an avalanche of size s in a 
sample of linear size L are plotted. In reality we do not use different sample 
sizes L; instead, we analyze subsets of our sample with size L. Note that the 
straight line in figure 4 indicates that the probability P (s, L) scales with the 
avalanche size as a power law: P (s, L) ~ s~ r , which is a hall-mark for self- 
organized criticality (SOC)[3]. The deviations at large avalanche size are due 
to the fact that an avalanche cannot span more than the whole system. Hence 
the relation P (s, L ) ~ s~ T has a system size dependent cut-off as clearly seen 
in the figure. It is remarkable that this cut-off can be used [1 1] to make a more 
stringent test for SOC: it is required by SOC theory that the cut-off size scales as 
L d (so-called finite-size scaling). In the inset of figure 4, the results are rescaled 
horizontally with a factor L° and vertically with s T to take out the power law. 
Both D and r were used as fitting parameters. Clearly a nice collapse of data 
for the various system sizes is obtained, giving more strength to the idea that our 
system is SOC. Using the results from the roughness analysis described above, 
even more tests for SOC can be made: it is predicted [1 1],[12] that D = d B + a 
and that a//3 = D (2 — t). Using these relations and our experimental values 
D = 1.89(3), d B = 1.18(5) and r = 1.29(2), we find a = 0.71(6) and 
/3 = 0.53(6) while from the roughness analysis above we have a = 0.79(10) 
and (3 = 0.60(10). Clearly, within experimental accuracy, the SOC relations 
D = da +o and a/ 3 = D (2 — r) are satisfied. Although further experimental 
tests (if possible with higher accuracy) are certainly desirable, we conclude in 
view of (i) the experimental verification of these scaling relations (ii) the power 
law distribution of avalanche sizes and (iii) the finite size scaling, that there is 
rather strong experimental evidence for SOC in the vortex matter of our sample. 
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Abstract Peculiarities observed during the magnetic studies of silver-sheathed (Pb, BO- 
2223 tapes revived the interest in the properties of granular superconductors. 
In this contribution, several observations on granular superconducting 
materials will be presented, showing also the unique advantages of magneto- 
optic imaging (MOI) over most other methods for field distribution imaging, 
and, of course, over integral measurements. The MOI technique enables the 
direct measurements of critical current densities within individual grains of a 
granular superconductor. The properties of various high-T^ superconductors 
are discussed. Several different regimes of flux penetration into granular 
superconductors can be distinguished. The (Pb,Bi)-2223 tapes are found to be 
an unique system due to the specific temperature dependence of the inter- and 
intragranular current densities, being "granular” at low temperatures. This is 
the reason for most of the pecularities observed in integral magnetic 
measurements. In order to model a granular superconductor, model samples 
were prepared starting from YBCO thin films, where a hexagonally close- 
packed structure was patterned. MOI of this type of samples allows to distin- 
guish between the inter- and intragranular properties, and hence, this sample 
exhibited the desired properties in integral magnetization measurements. 

Key words: Magneto-optic imaging, granular superconductors 



1. Introduction 

It is very important to understand the properties of granular samples in 
detail. For many future applications, especially large-scale power 
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applications, this is an important issue as the materials involved will always 
contain a certain amount of granularity, may it be a bulk piece of melt- 
processed material or a (Pb,Bi)-2223 powder-in-tube tape or a YBa 2 Cu 3 O x 
(YBCO) thick film produced by electrophoretic deposition or by laser- 
ablation on a non-single crystalline substrate. 

Granular high-T c superconductors are characterized by two distinct 
current densitites [1], the intergranular or transport current,^ 1 (/inter or j ttms ), 
and the intragranular current density, j c G or y mlra . The superscript J indicates 
that the transport current flows as Josephson current through the grain 
boundaries within the sample; the superscript G denotes the properties of the 
grains. Both these currents have different dependencies on the external 
magnetic field. Furthermore, several experiments are only sensitive to one of 
these current densities; transport (four-point) resistance measurements 
measure by definition only j' inter ; magnetic measurements are sensitive to the 
shielding currents, which may change their length scale on increasing 
external field. By means of AC susceptibility measurements, it is possible to 
distinguish between y inter and ; intra , but only in a narrow temperature range 
around T c [2]. 

Several different samples are described in the literature, characterized by 
the ratio T = j intra / j,„ ter = H cl ° / H cl s [3]. Polycrystalline YBCO samples have 
a very high j intra , but only a very limited y inter , leading to T > 1. Granular Bi- 
2212 samples produced by melt-casting or partial melt-processing show 
considerably improved transport properties, but still Tel. Bi-2223 tapes 
have proven to be the other extreme case with dominating y inter , i. e. T > 1. 
Mechanical deformation (bending) leads to a gradual degradation of the 
intergranular properties, depending on the bending diameter. In this way, F 
may change from F > 1 to T < 1 [3,4]. In this contribution, we discuss the 
features observed in various experiments on granular superconductors, and 
present the attempt to model the specific properties of (Pb,Bi)-2223 tapes by 
means of a model sample. 



2. MO patterns of granular superconductors 

Figure 1 presents MO images obtained on a partially melt-processed Bi- 
2212 sample at 18 K. The details of preparation of this sample are given 
elsewhere; here it is important to note that the mean grain size of the Bi- 
2212 grains is approx. 60 /mi [5]. I a first step, flux enters the sample 
preferentially through some weak channels. Due to well shielded grains (i.e. 
with a high intragranular current density) flux amplification between them 
can be clearly observed. Then in (b) and (c), flux begins to enter also the 
remaining bulk. Note that the well-shielded areas are larger than the grain 
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size determined by SEM. This is an indication of a well-developed grain 
coupling in these partial-melt processed Bi-2212 ceramics. Finally, in (d) the 
remanent state corresponding to (c) is shown. Now, the vortices have left 
from the weak channels firstly, and some flux remains being trapped at well 
developed pinning sites. This observation makes the remanent states very 
important to analyse the flux pinning behavior [6]. 




Figure 1. Flux patterns of the partial melt-processed Bi-2212 ceramic at applied fields of 21 
(a), 30 (b) and 60 mT (c) at T = 1 8 K. (d) presents the corresponding remanent state to (c). 

The marker is 200 pm long. 

Figure 2 presents another example of a granular superconductor, a 
polycrystalline YBCO sample. These samples are characterized by elongated 
grains (a) and the presence of well-defined high-angle grain boundaries, as 
visualized in the inverse pole figure map by EBSD mapping [7]. As a result, 
there is only a very weak coupling between the grains and j illt e r is only small. 
The MO image (c), therefore, reveals only flux penetrated within some 
individual grains; the other grains will only be either penetrated by flux at 
higher fields depending on their respective crystallographic orientation (b), 
or, are even non-superconducting. MO imaging enables the measurement of 
the individual values of y iniia for each grain. This enables a statistical analysis, 
e.g. depending on the grain size. This was carried out in Refs. [3,8], where a 
reciprocal dependence of y illira on the grain size was found. 
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Figure 2. (a) presents an SEM image of a typical microstrucmre of a granular, polycrystalline 
YBCO sample, (b) shows an EBSD mapping of the crystallographic orientations, as indicated 
in the stereographic triangle, (c) shows the MO image (remanent state, after applying 023 T 
at T= 5 K). 



Figure 3 shows a different situation, also recorded on a polycrystalline 
YBCO sample, but doped with a certain amount of K. Even though the 
microstructure of this sample looks in the SEM quite similar to that of fig. 2, 
the flux penetrates the sample only through some weak channels; the 
remainder of the sample is well shielded. In higher applied fields and 
temperatures, even a penetrating flux front could be observed [9]. 
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Figure 3, MO images of a K-doped granular YBCO sample, A field of 1 00 mT is applied in 
all cases, but the temperature is raised from 10 K (left) via 30 K (middle) to 77 K (right). The 
marker is 500 /xm long. 



This observed behavior was only recently explained by means of a 
careful EBSD analysis [10], It was found that at a certain concentration of 
K-doping, a texture [(0 0 1) and (I 0 0)] is introduced during the processing. 
As a result, a good coupling between most of the superconducting grains is 
generated, leading to the appearance of a flux-front in the MO images. 

Silver-sheathed (Pb.Bi)-tapes represent another different species of 
granular superconductors, showing again some unique properties. As j in[er is 
the matter of optimization and therefore rather high, the parameter T is close 
to 1. However, when observing the flux patterns of tapes at different 
temperatures, there is a clear change of behavior as illustrated in Fig. 4. The 
left side of the image shows flux patterns in decreasing external magnetic 
field starting from 150 mT at T = 12 K (see caption), the right column shows 
the same experiment at T =77 K, Whereas the flux patterns at T = 77 K 
reveal a quite homogeneous flux penetration into the sample, the flux 
patterns obtained at T = 12 K show clear signs of granularity as the flux 
trapping is quite inhomogeneous! y. As a result, the tape appears to be 
granular at low temperatures [4]. This behavior can be explained regarding 
the temperature dependencies of j mtn and y inter . In Bi-2223, j-, naa is raising 
considerably at temperatures below 25 K, and reaches values similar to that 
of YBCO at T = 5 K. In contrast, j m<£ , is only weakly dependent of 
temperature. As a consequence, the corresponding F values are changing 
from about 100 to about 10, with the result that the flux patterns reveal 
granularity at low temperatures. The coupling between the grains and also 
between the Filaments in multifilamentary tapes can be quite strong 
depending on the processing conditions and geometry, so that even the flux 
patterns of a multifilamentary tape may appear as uniform. Therefore, the 
(Pb,Bi)-2223 tapes are a specific type of granular superconductors, offering 
many interesting phenomena for basic studies. 
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Figure 4> MO experiments on (Pb,Bi)~2223 tapes. Left: T = 12 K, The field is reduced from 
150 mT to 60 mT (a), 30 mT (b), IS ml (c), 6 mT (d) to 0 mT (e), The right column shows 
the same experiment at T - 77 K. Images (a T b) are reworked by image processing in order to 
enable a direct comparison — the left part of the image is the original image. At 12 K s 
signatures of granularity are well visible, whereas at 77 K t the MO patterns appear to be 
homogeneous. The arrows mark the edge of the tape. 
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3. Model sample 



To achieve a better understanding of these rather complex material 
systems, it is essential to prepare and study appropriate model systems. For 
such a purpose, patterned YBCO thin films are an ideal starting point as 




Figure 5. Flux patterns of the model sample. Left: Observation on the entire sample, revealing 
the flux pattern in the "effective medium ", (a) 6 mT, (b) IS mT, Two defects with the 
according d -lines are also visible, (c) shows a schematic drawing of a rectangular 
superconductor with the corresponding Clines. Right: MO images with higher resolution 
showing the flux penetration into the individual disks. 
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(i) the use of YBCO allows studies in a wide temperature range, almost 
identical to the materials modelled, (ii) YBCO thin films on single 
crystalline substrates can be prepared and patterned in excellent quality 
without any defects disturbing the flux distributions, and (iii) the presence of 
a substrate yields model samples which can be easily handled in the 
experiments [11]. 

The resulting model sample could prove that it is capable to reproduce 
e.g. the anomalous position of the central peak in the magnetization loops, 
which was the original reason for creating this type of sample [12]. 
Furthermore, it became possible to study the flux patterns in an "effective 
medium" as revealed by the appearance of the so-called d-lines in fig. 5. By 
means of variation of the contact widths between the "grains" respective 
disks, the coupling strength can be varied. Furthermore, it was found that 
this sample also exhibits the paramagnetic Meissner effect due to flux 
trapping [13]. 

In summary, MO imaging represents an unique tool to study the 
properties of granular superconductors in great detail. The MO results can 
easily be linked with other data e.g. obtained from EBSD [7,14], thus 
enabling a complete picture to be formed. 
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Abstract Using differential magneto-optical imaging, we address the question of meso- 
scopic inhomogeneity in underdoped BUS^CaC^Os (Bi-2212) single crystals. 
Among other features, it is shown that an anomalous temperature dependence 
of the penetration field and of the first order transition (FOT) field of the vortex 
lattice in such crystals can be understood as arising from inhomogeneity. The 
effect of chemical inhomogeneity and pinning on flux penetration and the FOT 
is discussed. 

Keywords: Superconductivity, Vortex Lattice, First Order Transition, Inhomogeneity, Disor- 

der 



1. Introduction 

It is commonly assumed that the vortex lattice undergoes a first order transi- 
tion (FOT) to the so-called vortex-liquid state in very clean, defect free super- 
conducting single crystals only [1—3]. In disordered crystals, the transition to 
a vortex liquid is presumed to be second order, although, at present, only very 
few reports substantiate this [4, 5]. In the high temperature superconductors, 
the FOT is observed irrespectively of the oxygen content of the material [6]. 

The FOT in oxygen-underdoped Bi 2 Sr 2 CaCu208 (Bi-2212) deserves special 
attention. Single crystals of this material cannot be obtained by annealing 
optimally doped material, and only recently has a technique been developed 
to grow them [7]. Even then, underdoped Bi-2212 crystals present nanometer- 
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scale inhomogeneity of the superconducting gap [8, 9], as well as chemical 
inhomogeneity on larger scales [11], 

Here, we present Hall-probe array magnetometry and differential magneto- 
optical (DMO) [13] imaging experiments on strongly underdoped Bi-2212 sin- 
gle crystals. The local induction measured by both techniques shows a well- 
resolved discontinuity at the same FOT field, Bfot ■ DMO allows us to map 
the spatial variation of Bfot within a crystal, and to obtain its temperature de- 
pendence in different locations. It is argued that the spatial variation of Bfot 
is responsible for magnetization anomalies near the critical temperature, T c . 

2. Experimental Details 

2.1 Sample growth 

Two crystalline boules of underdoped B i 2 S r 2 C aCu o O ^ were grown using the 
travelling-solvent floating zone method, under 25 mbar oxygen partial pressure. 
They were subsequently annealed at 700° C in flowing N 2 gas for a period of 
one week [7]. Crystals were separated from the boule with a razor blade. 
A polarized light microscope was used to select specimens without obvious 
growth defects such as low-angle grain boundaries or colony boundaries. 

2.2 Direct Magneto-optical imaging (MOI) 

The crystals were further selected using “direct” magneto-optical imaging 
(MOI). A crystal is covered with a Lu-iron garnet thick film with in-plane 
magnetic anisotropy, covered by an A1 mirror layer (Magistr inc., Russia), that 
serves as a magneto-optical indicator of the local induction [10]. After cooling 
down to the measurement temperature, a magnetic field is applied perpendicu- 
larly to the crystal surface and to the garnet indicator film. The local magnetic 
induction is measured by the Faraday rotation of linearly polarised light that 
twice crosses the indicator film (before and after reflection by the A1 mirror). 
Bright regions in the images correspond to large Faraday rotation and thus a high 
magnetic induction, whereas dark areas correspond to small (or zero) Faraday 
rotation and to a small (or zero) local induction. 

Guided by direct MOI, apparently defect-free pieces were cut from larger 
crystals using a wire saw. An example of flux penetration into crystal A, selected 
by direct MO imaging from the boule 1 material (nominal T c = 65 K), is shown 
in the top three panels of Figure 1(a). The crystal shows homogeneous, regular 
flux penetration, that is well described by the critical state model [12], Judging 
from these images, this crystal would appear suitable for use in further physical 
measurements. 
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Figure L (a) The top three MO images show the penetration of magnetic flux in underdoped 
Bi 2 Sr 2 CaCu20 a crystal A, with nominal T c - 65 K t at T = 21 K. Left: immediately after the 
application of the external held H - 540 G; center: after 60 s, magnetic flux has relaxed to 
the center; right: trapped flux after removal of the applied fleld.(b) The bottom three images are 
DMO images (with 8H — 0.5 Oe) of flux penetration and the FOT process in the same crystal 
at 61 K. 



2.3 Differential magneto-optical imaging (DMO) 

Crystals were further investigated using the DMO technique with field mod- 
ulation, 6H — 0.5 Oe. All measurements were conducted after zero-field 
cooling. A field H a + 5H was applied, and ten MO images of the flux dis- 
tribution above the sample were acquired and summed. The applied field was 
then reduced to H a , whence ten other images were acquired and successively 
subtracted from the first sum. This procedure was repeated twenty times; the 
resulting twenty differential images were averaged to produce the final DMO 
images. These images should be interpreted as representing a map of the local 
“permeability” of the sample. The grey level outside the sample boundaries 
represent a “permeability” AB/AH = 1. A zero intensity (black) represents 
diamagnetic screening, i.e. ABj AH — 0, while intermediate grey levels rep- 
resent partial screening of the field modulation. Clear regions indicate a para- 
magnetic response. This is of particular interest near the vortex lattice FOT: the 
discontinuity in the local induction at the transition [3] results in a change A B 
that is larger than AH by an amount AB FO t, and thus in a paramagnetic signal 
[13]. DMO images of the FOT process at 61 K in crystal A are shown in the 
bottom panels of Fig. 1. The FOT first takes place on the line defects oriented 
at ~ 20° with respect to the long crystal side [14], located near the crystal edge. 
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Figure 2. (a) Loops of the local “magnetisation” B - H a measured near the center of crystal 

B (nominal T c = 75 K) using an amay of microscopic Hall sensors, (b) DMO images of the 
FOT process on the surface of the same crystal, at T = 66.2 K. 



and progressively moves inwards to the crystal center. Regions of the crystal 
that have not yet undergone the FOT fully screen the field modulation. 

2.4 Local Hall probe magnetometry 

Flux distributions over a number of crystals selected by direct MOI were 
measured using Hall probe magnetometry. A crystal is placed on an array of 
1 1 Hall probes, of dimensions 10 x 10 fim 2 , located 10 fim apart [3], with the 
array parallel to the shorter crystal edge, and traversing the crystal center. The 
local induction at each sensor is measured as the applied field H a is cycled, at 
constant temperature, from zero to a maximum field, and back to zero. Typical 
loops of the local “magnetisation”, B - H a , measured at a probe near the center 
of crystal B (originating from boule 2 with nominal T c — 75 K) are shown in 
Fig. 2(a). 

3. Phase diagram and FOT process 

From the cusp in the loops of local induction (Fig. 2), the field of flux pene- 
tration to the Hall probe position is identified, e.g. H p ( 64 K) = 6.9 Oe. The step 
AB FO t in B - H a signals the field at which the FOT occurs, e.g. H FO t{6 4 K) 
= 1 1 Oe. DMO imaging on crystal B at T = 66 K shows that the FOT process 
starts independently, at H a = 6.6 Oe, in different spots scattered throughout 
the crystal. Such inhomogeneity is found both with the Hall array and with 
DMO. For example, at H a — 7.2 Oe the central area of the crystal is already in 
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Figure 3. (a) Field H p of flux penetration to the center of crystal B, and field H FO t at which 

the FOT takes place there; (b) local induction at which the FOT takes place. Error bars show 
spread of Hfot and Bfot in the crystal. The inset to (a) shows an enlarged view of H P (T) 
near T c ~ 75 K. 



the vortex liquid state, but the vortex lattice near the two line intergrowths [14] 
at the bottom transits to the liquid only here. 

Figure 3 renders H p , Hfot, and B F ot, measured over crystal B, as function 
of temperature. All three decrease gradually as function of T, up to T = 66 
K, at which H p (T ) starts to decrease more rapidly. Such a “collapse” of the 
penetration field was previously reported by Mrowka et al. [15], but they did 
not report on any features associated with the FOT. Note that in the temperature 
range of the “collapse”, 66< T < 70 K, the step in ( B - H a ) signaling the 
FOT cannot be discriminated from the rapid increase of B at H p [Fig. 2(a)]. 
Above 70 K, H p is reduced to less than 0.6 Oe and the FOT can no longer be 
observed at all, be it in Hall array measurements or in DMO. The inset of Fig. 3 
shows that superconductivity in crystal B persists up to T ss 75 K: H p slowly 
decreases from H p ( 70 K) = 0.6 G to 0. 

DMO images on crystals from both boules reveal that the topology of the 
FOT process is dominated by crystalline inhomogeneity on the scale of 1 - 10 
^m. Figure 4 shows a series of four images of the FOT in crystal C (from boule 
1), measured at T = 63.5 K. The FOT in this and nearly all other investigated 
underdoped crystals starts at inhomogeneities near the crystal edge. Unlike 
observations made on optimally doped crystals [13], the FOT front always 
moves inwards from the edge towards the center. The distribution of local 
FOT fields has a temperature-independent width g pot = Hfot ~ H™ff T of 
typically 5 Oe [Fig. 4(b)], twice that observed in optimally doped crystals [16]. 
The temperature range of the “collapse” of H p and H FO t in the crystal center, 
63 < T < 65 K, corresponds quite accurately to that over which H p attains 

prmin 
n FOT ■ 




84 





S3 S6 17 IS $9 61 62 6.1 64 6J 

(b) T(K> 



Figure * (a) DMO images of the FOT process in crystal C at 63,5 K. The FOT propagates 

m wards from the crystal edge, along crystalline defects, (b) Bfot as function of temperature, 
measured in the different locations indicated in the first frame of (a). Open symbols denote 
apparently “homogeneous*’ regions 1-4 (including the crystal center, “c”), closed symbols denote 
macroscopic defects 1-3. Solid lines indicate the iower and upper values, and Bp^, 

observed in this crystal. 






Figure 5. Flux profiles in an inhomogeneous flat superconductor, containing a peripheral 
(1) and a central (2) region with FOT fields Bfot,\ < Bfot, 2 - Hatched bars indicate the 
forbidden region in the phase diagram, of width B fot > Flux pinning is assumed to be present 
at J? < Bfot and negligible for B > Bfot- (a) Increasing field, (b) Profiles before and 
after a downward step SH of the applied field, starting from the situation in which the FOT from 
has progressed to the boundary of region 1. (3) Difference between the two profiles in (b). (d) 
Experimental profile across the DMO image at 1.5 Oe in Fig. 4(a). 
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4. Discussion and Conclusion 

A (sudden) decrease of the “penetration field” H p must be due to the decrease 
of the surface or geometrical barrier limiting vortex entry into the sample [17, 
18]. The condition for vortex entry is that the (Meissner) screening current 
at the sample edge be equal to a characteristic current (typically the depairing 
current). This condition can be met more easily (and the barrier suppressed) 
in two ways: an increase of the local Meissner current by modification of the 
sample geometry, or the suppression of the characteristic current, e.g. by (the 
vortex lattice transition at) local inhomogeneities [11]. The DMO observations 
suggest that the latter is at the origin of the H p “collapse” in single crystalline 
Bi-2212. 

Once the barrier is overcome in the weakest spot of the crystal, the very same 
crystalline inhomogeneity takes on another role: the internal barriers associated 
with local compositional variations constitute a mesoscopic p innin g potential 
impeding vortex motion [19]. The phase transformation front thus moves in 
from the edge towards the center. 

To model the motion of the FOT front, we assume that the vortex solid phase 
has a non-zero critical current, while the (high field) vortex liquid has negligible 
critical current. Then, the flux distribution in a model inhomogeneous sample 
containing a peripheral (1) and a central (2) region with FOT fields B FO t,i < 
Bfot, 2 respectively, should be as in Fig. 5(a). At low field, one has the usual 
flux distribution due to the critical state [12]. As B FO t,i is passed, vortex liquid 
regions enter the crystal from the edge. As long as the local induction does not 
exceed B F ot+ AB F ot, this implies the presence of aphase mixture adjacent to 
the FOT transformation front. Within homogeneously disordered regions (e.g. 
1 and 2), in which the length scale characterising the defect structure is much 
smaller than the vortex spacing, the front motion is limited only by the dynamics 
of the liquid state and of the phase transformation itself. If the vortex liquid has 
negligible critical current, the front can move freely through the crystal until it 
meets a region of higher local B F ot, 2 > eliminating local screening currents due 
to pinning in the process (a vortex solid-liquid intermediate state may be left 
behind the FOT front). If, as in a DMO experiment, the applied field is lowered 
by 5H, the FOT front recedes to the regions with lower local B F ot, but non- 
equilibrium screening currents associated with this retreat may be insufficient 
to change the local induction in the resolidified region [Fig. 5(b)], A differential 
image [Fig. 5(c)] reveals the extremal position of the FOT front as paramagnetic 
only because of the demagnetizing field around regions with high local B F ot- 
These screen the modulation SH, and therefore show up as black, as in Figs. 1 
and 4. If SH much exceeds A B F ot, e - g- near T c [3], the discontinuity in local 
B is masked by the induced screening current in the regions with higher B F qt> 
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features associated with the FOT can then no longer be observed (see e.g. the 
curve at 70 K in Fig.2). 

Summarizing, the First Order Transition of the vortex lattice was observed in 
underdoped Bi 2 Ca2CaCu208. The specific features related to the FOT in this 
material can be well understood as arising from mesoscopic inhomogeneity. 
Our results constitute new proof of the robustness of the FOT to substantial 
amounts of crystalline disorder [20]. 
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Abstract We employ a high-speed magneto-optical system to image the processes of 
creation and annealing of transient disordered vortex states and utilize these 
data to measure the lifetime, x, of these states as a function of induction B and 
temperature T. x increases monotonically with B and diverges as B approaches 
the vortex order-disorder transition induction. An exponential increase of x is 
obtained as temperature is lowered. The same x(B,T) curves are obtained, 
independent of the way the transient states were prepared. 



Key words: Vortex phase transitions; transient vortex state; second magnetization peak 



Recent studies of the vortex phase diagram in B^S^CaC^Og+s (BSCCO) 
have shown that the disorder-driven vortex phase transition is obscured by 
transient disordered vortex states (TDVS) [1-9], created by edge 
contamination during field ascending [1, 2] or by "supercooling" of the 
disordered vortex lattice during field descending [4, 8]. Knowledge of the 
lifetime spectrum x of these transient states as a function of induction, B, and 
temperature, T, is required to reveal the underlying thermodynamic order- 
disorder phase transition [10, 11]. In this paper we employ a high-speed 
magneto-optical system to image the processes of creation and annealing of 
TDVS and utilize these data to directly measure the lifetime x(B,T) in three 
different experiments: (i) Continuous injection of transient vortex states 
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while ramping up the external magnetic field, (ii) Annealing of injected 
transient states while keeping the external field constant, and (iii) Annealing 
of transient 'supercooled' disordered states while ramping down the external 
field. 

Measurements were performed on a 1.55x1.25x0.05 mm 3 
Bi 2 Sr 2 CaCu 2 0 8+ 8 single crystal (T c ~ 92 K). The crystal was grown using the 
traveling solvent floating zone method [12]. This crystal was specially 
selected for its uniformity of flux penetration and was checked by magneto- 
optical imaging before and after it was cut into a rectangle. In the course of 
measurements, magneto optical (MO) snapshots of the induction distribution 
across the sample surface were recorded at time intervals of typically 40 ms, 
using iron-garnet MO indicator with in-plane anisotropy [13] and a high 
speed CCD camera (Hamamatsu C4880-80). 

In the first experiment, referred to as Field Sweep Up (FSU) experiment, 
the sample was cooled down to the measuring temperature in zero field, then 
the external magnetic field, Uxo was ramped up at a constant rate between 4 
and 1600 G/sec, from zero to about 850 G. While the external magnetic field 
was ramped up, snapshots of the induction distribution across the crystal 
surface were taken successively at constant field intervals (usually 10 G). 



00 
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200 
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Figure 1. Induction profiles measured at T= 25 K while ramping the external field at different 
rates. As dH ex ,/dt increases, the first break in the profiles appears at a lower induction. 

Figure 1 shows the induction profiles across the crystal width deduced 
from the magneto-optical images measured at T= 25 K, while the external 
field was ramped up at a rate of 4, 160, and 800 G/sec. A sharp change in the 
slope of the profile ("break") appears near the edge at B f0 = 450, 400, and 
330 G, respectively, indicating coexistence of two distinct vortex states, 
characterized by high persistent current state near the sample edges and a 
low persistent current state near the center [3]. The high persistent current 
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state is identified as a TDVS, because it decays with time when the external 
field is kept constant (see annealing experiment described below). When the 
external field is continuously increased, the break moves towards the sample 
center, indicating propagation of the transient disordered state front deeper 
into the sample. At the same time, the induction at the break increases 
monotonically with a rate decreasing with time. 

These results can be explained in terms of competition between injection 
and annealing processes of TDVS. While the rate of injection remains 
approximately constant, the rate of annealing is high for low inductions, and 
decreases sharply as the induction increases towards B od . The first 
appearance of the break, at B ro , indicates a stage where the injection rate 
starts to overcome the annealing rate. The injection rate is determined by 
dHex/dt while the annealing rate is determined by l/(dx/dB) [14]. Thus, at B 

= Bfo, 



( 1 ) 



3x 

dB 



' B=B,< 



1 

dH ex ,/dt - 



Based on this equation, one can determine x vs. B by measuring the 
induction B^ for different rates of external magnetic field sweep. The circles 
in Figure 2 describe the extracted values of x(B) from FSU experiments at 23 
K. Evidently, x increases monotonically with the induction and exhibits a 
sharp increase as the thermodynamic order-disorder transition field, B od , is 
approached. 




Figure 2. Measurements of the annealing time t as a function of B from field sweep up 
(circles), field sweep down (squares) and annealing (triangles) experiments. The solid line is a 
fittoEq. 3. 
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In the second experiment, referred to as annealing experiment, injection 
of TDVS throughout the sample was accomplished by abruptly raising the 
external field to a target value between 140 and 850 G (rise-time < 50 ms). 
Immediately after reaching the target value of the external field, magneto- 
optical snapshots of the induction distribution across the sample surface 
were recorded at time intervals of 40 ms for 4 seconds, and 300 ms for 
additional 26 seconds. 




Figure 3. Time evolution of the induction profiles after abruptly increasing the external field 
from zero to 465 G. At approximately t = 0.5 s, a sharp change (a 'break') in the slope of the 
profiles appears, progressing with time towards the sample edge. 

Figure 3 shows the time evolution of the induction profiles at T= 21 K 
after abruptly increasing the external field from zero to 465 G. Initially, the 
profiles are smooth, without a break, indicating a single vortex phase 
throughout the sample. However, after approximately 0.5 second, a break 
appears in the slope of the induction profiles, progressing with time towards 
the sample edge. The break separates between a high persistent current state 
near the sample edge and a low persistent current state near the center. The 
high persistent current region near the edge shrinks with time, and therefore 
the vortex state in this region is identified as a transient disordered state. The 
vortex state in the expanding, low persistent current region near the center, is 
identified as the thermodynamic quasi-ordered phase [3]. 

The lifetime, r, can be measured directly in annealing experiments at 
constant field by employing the following procedure. From the MO profiles 
we extract local j ~ dB/dx at different times for all measured external fields, 
and plot it versus local B. Typical results, measured at 21 K, are presented in 
Figure 4 for Xo = 1 10 pm measured from the sample edge. In the figure, data 
points corresponding to different times are marked by different symbols, and 
the solid lines connect all points measured at the same indicated time. Each 
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curve may be considered as an instantaneous local magnetization curve, and 
the set of curves demonstrates the time evolution of the second 
magnetization peak (SMP): At short times (t < 0.5 s), no SMP is observed. A 
trace of a SMP first appears at t ~ 0.52 s, and it continues to develop with 
time, while its onset shifts to higher inductions (from 200 G at 0.52 s to 360 
G at 29 s). 




Figure 4. Typical dB/dx ~ j vs. local B at x 0 = 1 10 pm for the indicated times, measured at 21 
K. Grey area marks the transient state zone. 

In figure 4 we mark three zones corresponding to quasi-ordered, 
disordered and TDVS. The identification of these zones is done directly 
from the local data as described elsewhere [11, 15]. The most intriguing 
observation in figure 4 is that the left border of the transient vortex state 
zone is marked by the onset of the SMP. In the region to the left of this zone, 
the transient disordered state has been annealed and a thermodynamic quasi- 
ordered phase has been established. In the region to the right of this zone, a 
thermodynamic disordered vortex phase has been established. 

From the instantaneous magnetization curves depicted in figure 4, one can 
directly measure T as a function of the local induction B. By definition, x is 
the time elapse between the onset of the external field and the moment when 
the transient state at x<> disappears. We argue that the time corresponding to 
each instantaneous curve is the annealing time of the initial transient vortex 
state generated at the induction, B on , corresponding to the SMP onset. This is 
because for inductions smaller than B 0 „ the vortices are already in a quasi- 
ordered phase, and for inductions just above B on vortices are still in a 
transient disordered state. The triangles in figure 2 show x as a function of B 
measured in this way for T = 23 K. 
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In the third experiment, referred to as Field Sweep Down (FSD) 
experiment, the TDVS were generated by “supercooling” of the disordered 
vortex state. In this experiment, an external field of 850 G was initially 
applied for long enough time to ensure establishment of a disordered vortex 
phase. The field was then ramped down to zero at a constant rate between 4 
and 1600 G/sec. While the external field was ramped down, snapshots of the 
induction distribution across the crystal surface were taken successively at 
constant field intervals (usually 10 G). 



T = 25 K 




Figure 5. Induction profiles measured at T= 25 K while ramping down the external field at 
different rates. As dHe Xt /dt| increases, the breaks in the profiles appear at lower inductions. 

Figure 5 shows the induction profiles taken at T= 25 K, while the 
external field was ramped down at rates of 4 and 400 G/sec. The profiles 
exhibit a break, progressing into the sample interior with time. In contrast to 
FSU experiments, here the breaks appear at approximately the same 
induction, B f « B ro = 400 and 350 G, respectively, almost independent of the 
location in the sample. The breaks reveal coexistence of a quasi-ordered 
vortex phase (characterized by low persistent current density) near the 
sample edges, and a TDVS (characterized by high persistent current 
density), in the sample interior. 

In this experiment, transient states are created when crossing Bod, and are 
dragged down to B ffl during a time t ~ x(B ro ). Thus, 



( 2 ) 



x(B f0 ) 



Bpd B f0 

|dH„/dt| 



The squares in figure 2 describe the extracted values of x(B) from FSD 
experiments, using B od of 460 G. 
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Looking back at Figure 2, we can draw two important conclusions. 
First, the values of x(B) extracted from the above three experiments yield the 
same curve, independent of the way the TDVS was prepared. Second, as 
expected, t diverges as B approaches the transition induction B od . The data 
points may be fitted to 

(3) x = x 0 /(l-B/B od ) Y 

The fit (described by the solid line in the figure) yields x 0 = 0.01 1 s, y = 2.6 
and B 0 d = 460 G. 

Measurements of x (B) at different temperatures show that the lifetime 
spectrum of the TDVS widens as temperature is lowered [10]. Fits of these 
data to Eq. 3, yields x 0 (T), which apparently increases exponentially as the 
temperature is lowered [14]. The exponential increase of x(B) with 
decreasing temperature, explains the broadening of the second magnetization 
peak and its disappearance below a certain temperature [10, 11, 16-21] - a 
phenomenon that was misinterpreted as a termination of the transition line. 

From all the above, it is apparent that TDVS are involved in any direct 
measurement of the thermodynamic order-disorder transition line, B od (T). 
However, indirect measurements of B od (T) may be obtained by fitting x(B) 
to Eq. 3 at various temperatures. Measurement of the transition line in this 
method yields results which are significantly different from the non- 
equilibrium transition lines, commonly measured from the onset of the 
second magnetization peak, neglecting effects of transient vortex states. 
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MAGNETO-OPTICAL IMAGING OF CROSSING- 
LATTICES STATE IN Bi 2 Sr 2 CaCu208 + y 
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Abstract Vortex states and vortex phase transitions are visualized by differential 
magneto-optical imaging in Bi 2 Sr 2 CaCu20 8+y under tilted fields. One- 
dimensional structures are found along the in-plane field direction in the 
crossing-lattices state. At low in-plane fields, the spacing of one- dimensional 
structures closely follows 1 IH* 12 dependence, supporting that they originate 
from pancake vortices decorating Josephson vortices. Close inspections 
indicate that the spacing of the Josephson vortices show an anomalous 
hysteresis, which demonstrates the effect of layered structure. It is also 
clarified that the positions of individual Josephson vortices are not 
reproducible in response to the change in the in-plane field. 

Key words: Magneto-optical imaging, Crossing-lattices state, Bi 2 Sr 2 CaCu 2 0 8+y 



1. Introduction 

In highly anisotropic superconductors like B^S^CaCuaOg+y, a novel 
vortex state with coexisting different kinds of vortices, pancake vortices 
(PVs) and Josephson vortices (JVs), are formed under tilted fields. This state 
with coexisting PVs and JVs is called crossing-lattices state [1]. In the 
crossing-lattices state, shielding currents around JVs interact with magnetic 
field of PVs and shift their positions. This effectively induces attractive 
interactions between PVs and JVs, leading to the formation of various kinds 
of arrangements of vortices, in addition to the ordinary Abrikosov lattice [2]. 
Anomalous angular dependence of the vortex-lattice melting field [3] and 
the presence of chains of vortices embedded in the triangular lattice of 
vortices [4] are two representative features of the crossing-lattices state. 
Theoretical [5-7] and experimental [8-18] studies of crossing-lattices state 
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are rapidly growing field of current vortex physics research. 

Here, we report the magneto-optical (MO) imaging of vortex states and 
vortex phase transitions in the crossing-lattices state. We also report 
observations of one-dimensional structures along the in-plane field in the 
crossing-lattices state. The one-dimensional structures become clearer under 
low in-plane fields, and they are considered to be JVs decorated by PVs. The 
attractive interactions between PVs and TVs serve as a new method to 
control positions of PVs using JVs. We show in-plane field dependence of 
the spacing of the PV chains and discuss the origin of anomalous hysteresis 
of the spacing in response to the change in the in-plane field. The 
reproducibility of the positions of vortex chains is also discussed. 



2. Experiments 

Differential MO observations were performed using a garnet film with in- 
plane anisotropy as described in [19,12]. We used two kinds of CCD 
cameras, a large full well CCD (Apogee 6E) and a high speed CCD 
(Hamamatsu, ORCA-ER). For MO observations under tilted magnetic fields, 
several cryogenic and magnet systems were used. MO observations in large 
in-plane fields were performed with continuous-flow-type cryostat (Oxford 
Instruments, Microstat), with specially designed vacuum shroud to minimize 
the sample space. In -plane magnetic field up to 3 kOe is applied by a small 
water-cooled electromagnet, while out-of-plane field up to 500 Oe produced 
by liquid nitrogen cooled solenoid is delivered by an iron yoke. For 
observations in small but variable magnetic fields, we developed a 
cryocooler based MO imaging systems using 10 K- and 4 K-cryocoolers. A 




Figure 1. Schematic drawing of cryocooler-based MO imaging system. 
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schematic drawing of the system is shown in Fig. 1. Special care was taken 
to reduce the vibration amplitude below 1 pm. In order to achieve this, the 
sample stage, which is supported by low-thermal conducting FRP tubes, is 
connected to the cold head of the cryocooler by flexible copper wires. The 
cryocooler itself is connected to the main system using flexible bellows. The 
vibrations of the cryocooler is reduced either by hanging the cryocooler by 
atmospheric pressure or by fixing the cryocooler with a massive weight. The 
lowest temperatures achieved using these systems are 5.5 K and 15 K for 4 
K and 10 K cryocooler-based systems, respectively. We prepared a vector 
magnet system which consists of two orthogonal copper windings and its 
horizontal field can be rotated around the vertical axis (see Fig. 1). 

Bi-SrjCaCuiOs+y (BSCCO) crystals used in the present study were grown 
by the floating-zone technique as described in [20]. They were annealed in 
appropriate oxygen partial pressures for desired doping levels. Finally, the 
crystals were cleaved to about 30 pm to have optically flat surface and cut 
into dimensions of about 500x500 pm 2 before attaching to the garnet film. 



3. Results and Discussion 

In BSCCO, vortices are expected to be in the tilted lattice state when the 
in-plane magnetic field is weak, while they are in the crossing-lattices state 
when the in-plane magnetic field is strong [1]. MO observations of the 
vortex-lattice melting transitions in the two different ground states turn out 




Figure 2, Comparison of vortex- lattice melting transitions in BSCCO at T = 70 K (a) in the 
tilted lattice state (H z = 100 Oe, H x = 0) and in the crossing-lattices state (b) H z = 100 Oe, H x - 
+250 Oe, and (c) H z = 100 Oe, H x - -250 Oe. Bright regions forming several one-dimensional 
rows are the vortex liquid regions. Arrows indicate the direction of the in-plane field, (d)-(f> 
Corresponding schematic cross-sectional view of the shielding current distribution (shaded 
area) and resulting oaxis component of magnetic induction on the surface of the sample. 
Arrows indicate the direction of the field. 
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to be very similar [12]. As the in-plane field is increased, however, the effect 
of the in-plane field becomes clear as shown in Fig. 2. Here, we compare the 
vortex-lattice melting pattern at T= 70 K and H z = 100 Oe with H x - 0, +250, 
and -250 Oe. Bright regions forming several one-dimensional rows in Fig. 
2(a) and regions surrounded by bright patterns in Figs. 2(b) and (c) are the 
vortex liquid regions. At a glance, the melting patters look similar despite 
the presence of large in-plane field. However, a close inspection of the 
images shows that the location of the vortex liquid region is shifted 
depending on the polarities of the in-plane field. This shift is explained as 
follows. In a pin-free flat superconductor, vortex penetration into the sample 
is hindered by the surface barrier [21], which also affects the vortex profile 
in the equilibrium state. Without in-plane field, the shielding current at the 
sample edge induces the so-called dome-shaped vortex distribution. In this 
case, the vortex-lattice melting starts from the center of the sample, where 
local induction is the maximum (Fig. 2(a)). When a large in-plane field is 
applied, the shielding current at the sample edge changes its distribution 
from Fig. 2(d) to Fig. 2(e) or (f). The change in the shielding current 
distribution results in the change in the vortex distribution and the location 
of maximum induction, where vortex liquid nucleates, from the center of the 
sample toward the in-plane field direction. 

In the presence of a large in-plane field deep in the vortex solid phase, we 
find one-dimensional structures in the differential MO images. Figures 3(a)- 
(d) show examples at T = 70 K and H s = 1 kOe for two different values of H z . 
The bright stripes correspond to where the local change in the magnetic 
induction upon field modulation is larger than other places. Their directions 
closely follow the direction of the in-plane field as shown in Figs. 3(a) and 



(a) 



H.= 20 Oe 

z 

(b) 



//. = 30 Oe 





Figure 3. 

Comparison of diffe- 
rential MO images at 
T - 70 K and H z = 1 
kOe for two different 
directions of the in- 
plane field shown in 
thick arrows. Stripe 
structures run along 
the in-planc direction 
from the fixed posi“ 
tion at the sample 
edge (thin arrows). 





99 



(d). Il is interesting to note that the stripes start from the fixed position at the 
sample edge (see thin arrows in Fig. 3) even if we change the direction of the 
in-plane field. It may be tempting to assume that the stripes correspond to 
JVs produced by the in -plane field. However, the characteristic spacing of 
the stripes is about 50 pm, while the expected spacing of JVs is about 3 pm 
at H x = 1 kOe. We now interpret the origin of stripes in the presence of large 
in-plane field as follows. As described already, the penetration of PVs into 
the sample is governed by the surface barrier, which is sensitive to the shape 
of the sample edge. When the sample edge is rough, the surface barrier is 
reduced and vortex penetration becomes easier. In addition, the underlying 
JVs form channels for PVs once they enter the sample. So when differential 
images are taken, change in the number of PVs becomes larger along the line 
parallel to the in-plane field starting from rough edges. 

By further reducing the in-plane field, we could successively visualize 
individual JVs as shown in Figs. 4(a)-(d). These images are taken at T = 70 
K and by subtracting images at H z - 1L5 from 8.5 Oe. One-dimensional 
structures along the in-plane field direction (diagonal) are clearly seen. We 
refer these structure as vortex chains hereafter. If the vortex chains 
correspond to the individual JV stacks decorated by PVs, the spacing of the 
chains, e y , should be proportional to l/H x m . Figure 3(c) shows c y as a 
function of 1 JH x in . The linear relation strongly supports our interpretation. 




Figure 4 . (a)-(d) Differential MO images (H z - 10 Oe, DH t = 3 Oe) for BSCCO at 7= 70 K 
and different in-plane field values shown in the figures. The arrow shows the direction of the 
in-plane field. One-dimensional structures along the in -plane field are clearly seen, which we 
identify as JVs decorated by PVs. (e) The spacing between JVs, as a function of H x m . The 
inset shows the anomalous hysteresis of in response to the change in H x (f) Due to the 
layered structure and strong anisotropy of BSCCO, two non-equilibrium configurations of 
JVs are possible for a given H x . 
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From the slope of Fig. 4(e), we can estimate the anisotropy parameter y 
quantitatively, which is not an easy task by any other means. In this 
particular crystal, the anisotropy parameter is estimated as y- 560. Here the 
magneto-optical observation demonstrates unique and powerful capability. 
When the in-plane field is cycled the c y shows a hysteresis as shown in the 
inset of Fig. 4(e). The hysteresis loop is anomalous in the sense that c y 
change as if it advances more than the change in the in-plane field. Such a 
behavior finds reasonable explanation in the following scenario. Due to the 
presence of layered structures and accompanying large anisotropy in 
BSCCO, motions of JVs perpendicular to the layer is strongly suppressed. 
Hence there are two possible non-equilibrium configurations of JVs at a 
given in-plane field as shown in Fig. 4(f)- When the in-plane field is 
increased and hence c y becomes smaller, the in-plane motion must 
compensate the suppressed motion along the c-axis. The above in-plane field 
dependence demonstrates the possibility of controlling the density of vortex 
chains [15,22]. We also confirm that the direction of vortex chains can be 
controlled by changing the direction of the in-p!ane field [15,22]. 

The dynamics of vortex chains is studied by using high-speed CCD 
camera. At T = 70 K, the in-plane field is increased stepwise up to 22 Oe in 
10 s, and suddenly reduced to zero. During this process, MO images are 
recorded synchronously every 500 ms with 200 ms exposure time and stored 
in the computer memory using fast CCD camera. This cycle is repeated more 
than fifty times, and finally equivalent frames with the same in-plane field 
value are averaged to attain higher signal to noise ratio. However, this 
procedure dose not give good images expected from simple statistical 
averaging. In order to get insight into the origin of this unexpected result, 
images of vortex chains are recorded in two different ways. In the first 
experiment, the in-plane field is fixed at H x = 22 Oe and differential images 
between H z -1 and 0 Oe are taken many times by integrating 60 s for each 




Figure 5, Differential MO images of vortex chains in BSCCO at T = 70 K taken in (a) 
constant in-plane field ( H x = 22 Oe, H z = 7 and 0 Oe. constant-JVs mode) and in constant out- 
of-plane field (H z = 7 Oe, H x = 22 and 0 Oe, constant-PVs mode). Vortex chains are sharp and 
clear in constant-JVs mode, while they are smeared in constant-PVs mode. 
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image (constant- JVs mode). In the second experiment, the out-of-plane field 
is fixed at H z = 7 Oe and differential images between H x = 22 and 0 Oe are 
taken many times by integrating 60 s for each frame (constant-PVs mode). 
Figure 5(a) shows a typical example of differential MO images in the 
constant- JVs mode. The image is similar to Fig. 4(b) and all vortex chains 
are clear and sharp. Other images taken successively after this one are very 
similar to this. Figure 5(b) shows one of differential MO images in the 
constant-PVs mode. Here, the vortex chains are smeared. In addition to this, 
successive differential images taken in the same condition show large 
variation in the position of each vortex chain. In the earlier dynamical 
observations, the in-plane field is ramped up and down similar to constant- 
PVs mode. Hence, the position of vortex chains may vary time to time, 
leading to the image which has not improved by averaging as much as 
expected from the statistical average. The irreproducibility of the vortex 
chain positions may be related to different configurations of JVs as 
exemplified in Figs. 4(f). Such an irreproducibility of the vortex chain 
position in response to the change in H x may be harmful for possible 
applications of PV chains into memory or logic devices. The 
irreproducibility may come from intrinsic inhomogeneities of microscopic 
[23] or macroscopic [24] scale in BSCCO. Crystal growth conditions or 
annealing conditions may need to be improved for such purposes. 



4. Summary 

One-dimensional arrangements of pancake vortices along the in-plane 
field direction are observed in the crossing-lattices state of B^S^CaC^Og+y. 
They consist of pancake vortices decorating Josephson vortices. At low in- 
plane fields, individual pancake vortex chains are resolved and the 
anisotropy parameter is estimated quantitatively. The effect of layered 
structure results in an anomalous hysteresis of the separation of vortex 
chains and irreproducibility of their positions in response to the change in 
the in-plane field. 
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Abstract The experimental study of magnetic flux penetration under crossed magnetic 
fields in Bi2212:Pb single crystals is performed by MO. A remarkable field pen- 
etration pattern alteration and superconducting current anisotropy enhancement 
by the in-plane field is revealed. The anisotropy increases with the temperature 
rise up to T m = 54 ± 2 K. The anisotropy of the flux creep rate and an asym- 
metry of the flux relaxation is observed at T < Tm as well. At T = Tm an 
abrupt change in the flux penetration behavior is found. The correlation between 
the in-plane magnetic field and the out-of-plane magnetic flux penetration disap- 
pears at T > Tm . The flux penetration anisotropy is considered as an evidence 
for a strong 3D correlation between pancake vortices in different CuO planes at 
T < Tm- 



Keywords: high-Tc superconductor, magneto-optic technique, flux line lattice 



1. Introduction 

The qualitative difference in the FLL properties of different high-T c super- 
conductors is related to the difference in their crystal structure. In particular, 
the pancake-like vortices are observed in highly anisotropic BSCCO, whereas 
anisotropic Abrikosov vortices are found in such superconductors as YBCO. 
However, even in the highly anisotropic superconductors 3D correlations can 
exist between 2D vortices [ 1-3] . The FLL behavior of such 3D-correlated phase 
is in some aspects closer to the anisotropic Abrikosov vortex lattice than to un- 
correlated 2D phase. Basically, the 3D correlations in the pancake structure 
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could disappear with the increase of temperature due to the first-order phase 
transition or FLL melting. This problem was widely discussed [1-13]. 

The high resolution MO technique [14] is applied for observation of the flux 
structure in superconductors. In particular, the MO studies in crossed magnetic 
fields are employed to clarify a presence of 3D correlations in FLL [7,8,15- 
18] .The transition between 3D and 2D type of behavior could be observed in 
the material with an intermediate anisotropy compared to YBCO and Bi2212. 
It is known, [6] that Pb doping of Bi2212 single crystals reduces the anisotropy. 
The doping significantly increases the critical current that was attributed to the 
FLL pinning at so-called Pb ’laminar’ superstmcture [19]. 

In the present work a penetration of the transverse magnetic field H z into 
the Pb-doped Bi2212 single crystals magnetized by the in-plane magnetic field 
is studied by the MO technique. We find that the in-plane magnetic field H ab 
induces the flux penetration and current anisotropy if the temperature T is lower 
than some value T m = 54 ± 2 K. We observe an asymmetry of the flux relax- 
ation with respect to the direction of the in-plane field. The flux penetration 
behavior changes drastically at T = T m and at T > T m the penetration be- 
comes independent of the in-plane field direction and the flux creep increases 
significantly. 

2. Experimental 

The studied samples were Bi2212 single crystals doped by 35% of lead. [20]. 
The magnetic flux enters the samples homogeneously with pronounced pinning 
at T < T m . The chemical treatment induces defects at sample edge through 
which the flux penetrates first. The study was performed at T > 12 K, H ab < 
1800 Oe, and H z < 1200 Oe. 

Fig. la displays a typical picture of the transverse flux penetration at H ab = 
0. Such behavior was observed at T = 12 - 54 K. The distribution of the flux 
was settled in 1-3 min. At T > 54 ± 2 K, the picture of the field penetration 
changes sharply. The flux penetrates through the same weak points and occupies 
the whole sample in a time less than 1 s, as is usually observed in Bi2212. 
At T <54 K, we recorded the profiles of induction B z near a weak point 
in different directions to the crystal edge. The profile consists of two regions. 
Near the spot center the induction weakly changes. At the periphery a sharp and 
almost linear decrease of induction is observed. There exists some anisotropy 
of the flux penetration and the flux spot has a maximum size along the laminar 
structure. The ratio kj of the maximum and minimum of dB z / dr does not 
exceed 2. 

Fig. lb shows a typical picture of the penetration of the magnetic flux into the 
sample after cooling in a magnetic field H ab ^ 0 at T < 54 K. The magnetic 
flux preferably propagates along H ab . The anisotropy of the penetration is 
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Figure 1. Penetration of magnetic flux into the sample at H z = 60 Oe: (a) H ab = 0 and 
T = 30 K; (b) Hab - 1800 Oe and T = 30 K; and (c) H ab = 1800 Oe and X = 56 K. Black 
arrows show the direction of the in-plane field and white arrows indicate the direction of the flux 
motion. 
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Figure 2. Profiles of B, (r) at H ab - 650 Oe, = 60 Oe, and X = 36 K. Profile 1 was 
measured along H Q & between weak points; profile 2, in the same direction in the band of the flux 
penetration; profile 3, in the same band in the direction perpendicular to near the maximum 
of B z . 



larger for higher H a b- Such picture of the flux penetration is analogous to that 
observed in YBCO [15]. 

If the temperature exceeds T m , the magnetic field penetrates through weak 
points, moves independently of the direction and value of H a 5 and occupies the 
entire sample (Fig. lc). The crossover temperature T m is independent of the 
field in the range of H ab = 0 - 1800 Oe and H z = 0 - 300 Oe. 

Fig. 2 displays three profiles of the magnetic field. Profile 1 was measured in 
the direction of H ai) (x axis) between weak points. Profile 2 was obtained in the 
same direction near weak point. Profile 3 was got in the direction perpendicular 
to (y axis). Note, the peripheral slope dB z /dy increases with H ab and 
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Figure 3. Field dependence of induction slopes OBJdy and dBJdx, and temperature 
dependence of kj(T) at H ab = 1800 Oe. 




Figure 4. Relaxation of penetrated flux at T = 36 K, H I - 77 Oe, and H ab = 650 Oe. The 
image is obtained by subtraction of two images taken at ti = 0.2 s and at £ 2 — 90 s. 



is always greater than dB z jdx, which decreases with H ab . Their ratio kj 
increases with temperature, saturating at T — 25 — 30 K, Fig. 3. 

The typical evolution of the magnetic flux distribution with time t is illus- 
trated by Fig. 4. The picture is obtained by subtraction of two images. The 
first one was recorded at t x = 0.2 s after turning on the field H z and the sec- 
ond one at *2 — 90 s. So, the bright region corresponds to the volume into 
which the magnetic flux penetrates during a time At = t 2 — ft- The magnetic 
flux drifts along the vector H n & significantly faster than across it. In Fig. 5 
curve 1 shows the change of the penetration depth /j| along H oi) with time and 
curve 2 presents the change of penetration depth ij. across this direction. The 
creep anisotropy k t = l^/l ± increases with H ab . At fixed magnetic fields this 
coefficient increases with temperature if T < T rn . 

Note the asymmetry of fl ux di stribution to the right and to the left with respect 
to the stripe direction (see Fig. 4). It arises during the relaxation. At the first 
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Figure 5. Evolution of flux penetration depth in direction along (1) and across H a6 to the left 
(2) and to the right (2'); T = 30 K, H z = 116 Oe, and H ab = 650 Oe. 



moment after turning on H z , the penetration lengths at the right and left parts of 
the flux front were equal. The asymmetry increases with the angle a between 
the normal to the sample edge and H ab . The direction of the preferable flux 
relaxation alters if the sign of the angle a changes. It changes also if one of 
the fields H z or H ab changes the sign. The alternation of the sign of both fields 
does not affect the magnetic flux relaxation. 

The relaxation of the flux stripe along H ab is observed at any H z . Quite the 
contrary, the relaxation across H ab begins if H z exceeds a threshold value H th , 
which decreases with temperature, Fig. 6. On the other hand, the transverse 
flux enters the sample if H z exceeds a barrier field H. p , which also decreases 
with T . The barrier H p is practically independent of H ab (see Fig. 6). At low 
T, H tb > H p and these fields become equal at T — T m . 

3. Discussion 

The anisotropy of the penetration of the magnetic flux into superconductors 
in crossed magnetic fields has been studied in much detail [15, 17, 12, 13, 21]. 
This anisotropy increases in YBCO with the growth of T and H ab . The results 
of our observations at T < T m are similar to the case of YBCO. In undoped 
BSCCO, the flux penetration is practically independent of H ab as in our samples 
at T > T m . So, in Bi2212:Pb the FLL behaves like 3D system at T < T m 
and like 2D one at T > T m . The crossover temperature T m is naturally to 
ascribe to 3D-2D FLL phase transition. In the framework of this approach it 
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Figure 6. Temperature dependence of H th at H ab = 1800 Oe and H p at different H ab . 



is easy to understand the increase of the creep (Fig. 1) and disappearance of 
the barrier (Fig. 6) for vortex drift across the in-plane field direction at T > 
T m . The parameter of penetration anisotropy k j increases with temperature, 
saturates, and then the character of penetration changes discontinuously. Such 
behavior also speaks in favor of a phase transition of the melting type, which was 
repeatedly discussed for strongly anisotropic high-T c superconductors [1-3]. 
With increasing temperature, the interplane correlation of the order parameter 
increases due to the growth of coherence length; then, thermal fluctuations come 
to play and kj(T) saturates; finally a phase transition occurs. The T m can be 
estimated following the Lindemann approach to FLL melting [2, 12, 13]. In 
particular, this approach predicts that T rn is independent of the magnetic field, 
which is observed in the experiment. 

The creep assistant penetration rate along the applied in-plane magnetic field 
is significantly higher than that across this direction, that is, the activation barrier 
for the flux line penetration transverse to H ab is higher than the barrier along 
it. The fact that the relaxation rate of the screening currents along the in-plane 
field is lower than the current relaxation in the perpendicular direction supports 
the idea of strong 3D correlations in our samples at T < T m . 

A rather interesting feature is the asymmetry of the flux creep rate with 
respect to the in-plane field direction. This asymmetry can be attributed to 
the existence of the laminar structure. This structure contributes to the total 
pinning force and induces some anisotropy of screening current. In our samples 
the laminae are parallel to two of the sample edges and the current anisotropy 
along and across the laminae is about 1.5-2, which is significantly lower than 
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the in-plane magnetic field induced anisotropy [13]. The directions along the 
in-plane magnetic field and along the laminae are more favorable for the flux 
line motion. If H a & is directed perpendicular to the laminar structure, the drift 
of the flux to the left and to the right are equal. If there exists some angle 
a between the in-plane field and the normal to the laminar structure, the left 
and right directions become unequal since the component of the driving force 
along the ’easy’ direction is different at the left and at the right parts of the flux 
penetration boundary. This could give rise to the observed asymmetry [22]. 
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Abstract Time resolved magneto-optical technique is employed to trace the time 
evolution of the second magnetization peak (SMP) in Bi 2 Sr 2 CaCu 2 0 8+ 5 at 
different temperatures. The results show that the external field and induction 
marking the onset of the SMP exhibit entirely different temperature and time 
dependence. The differences are attributed to variations of the local 
magnetization with time and temperature. The implications of these findings 
on measurements of the thermodynamic order-disorder vortex phase transition 
line are discussed. 



Key words: Vortex phase transitions; transient vortex state; second magnetization peak 



The vortex order-disorder phase transition has been investigated 
extensively during recent years [1-9]. This transition is driven by both, 
thermally and disorder induced fluctuations of the vortices. Thermal 
fluctuations, dominating at high temperatures, cause a ‘melting’ transition 
[3], while disorder-induced fluctuations, dominating at low temperatures, 
cause a ‘solid - solid’ transition [10-17]. The magnetic signature of the 
transition varies considerably along the unified [8, 9, 18, 19] order-disorder 
transition line; While the melting transition is manifested by a sharp jump in 
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the reversible magnetization, the solid-solid transition is marked by the onset 
of a second magnetization peak (SMP) in the irreversible magnetization. 
Strong dynamic effects associated with the SMP, impede exact 
determination of the solid - solid transition induction in conventional 
magnetization measurements [6, 15, 19-30]. These dynamic effects have 
been attributed to transient disordered vortex states (TDVS), which are 
inevitably created by injection of vortices through inhomogeneous surface 
barriers while the external magnetic field increases [31, 32] or by 
"supercooling" of the disordered vortex phase while the field decreases [33, 
34], 

In a previous paper [24, 35] we described a time resolved magneto- 
optical technique, which allows the generation of instantaneous local 
magnetization curves at different locations on the sample surface. The time 
evolution of these curves demonstrates the annealing process of the TDVS 
and the emergence of a time dependent SMP. These measurements clearly 
show that the induction, B on , at the onset of the SMP signifies a non- 
equilibrium transition to a transient disordered vortex state, and that B on 
shifts with time upward, approaching the thermodynamic order-disorder 
transition induction, B od . Time dependent measurements of the SMP 
reported in the literature show, however, inconsistent results: Hall probe 
measurements in Y-Ba-Cu-0 [6, 30] and SQUID measurements in La-Sr- 
Cu-0 [27-29] show that the onset of the SMP shifts to lower fields with 
time, while for Bi-Sr-Ca-Cu-O, some measurements show shift of the SMP 
onset to higher fields [19, 21-23, 26], and others to lower fields [19, 26]. 
Ignorance of the dynamic behavior of the SMP has led to qualitatively 
different reports on the behavior of the order-disorder transition line [5-7, 9, 
18, 19, 22, 28, 36-40]. In this work we employ our time resolved magneto- 
optical technique to resolve this apparent inconsistency, and discuss the 
implications of our findings on the actual shape of the order-disorder phase 
transition line. 

Measurements were preformed on a 1.55x1.25x0.05 mm 3 
Bi 2 Sr 2 CaCu 2 0 8+ 8 (BSCCO) single crystal (T c ~ 92 K), grown by the 
traveling solvent floating zone method [41]. The external magnetic field, H, 
was raised abruptly to a target value between 140 and 840 G with rise-time < 
50 ms. Immediately after reaching the target field, magneto optical (MO) 
snapshots of the induction distribution across the sample surface were 
recorded at time intervals of 40 ms for 4 seconds, and 200 ms for additional 
26 seconds, using iron-garnet MO indicator and a high speed CCD camera. 
This procedure was conducted at several temperatures between 20 and 30 K. 
Measurements were repeated in a commercial SQUID (Quantum Design - 
MPMS-5s), with time resolution of 1 min, between 16-30 K. 
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Figure 1. Time evolution of local j ~ dB/dx vs. B (a, c) or H (b, d), at the indicated times, 
measured at 21 K, for x 0 = -514 pm (a, b) and x 0 = -495 pm (b, d) measured from sample 
center. 

From the MO images we extract the time evolution of the induction 
profiles across the sample width. On the basis of these data, we generate 
instantaneous local magnetization curves in the following way. For a certain 
location, x 0 , along the sample width we extract the local j ~ dB/dx vs. B or 
H, at different times for all measured external fields. Connecting all data 
points corresponding to the same time generates an instantaneous 
magnetization curve. Typical results, measured at 21 K, are presented in 
Figure 1 for x 0 = -514 pm and Xo = -495 pm, measured from the sample 
center. In the figure, data points corresponding to different times are marked 
by a different symbol and the solid lines connect all points measured at the 
same indicated time. Each curve represents an instantaneous local 
magnetization curve, and the set of curves demonstrates the time evolution 
of the second magnetization peak (SMP). Note that at short times (t < 0.5 s), 
no SMP is observed, since initially the injected TDVS occupy the whole 
sample in the entire field range. A striking difference is observed between 
the time evolutions of j vs B and j vs H curves. While in j vs B curves (figure 
la and lc) the onset induction, B 0 „, of the SMP shifts monotonically to 
higher inductions, in j vs H curves (figure lb and Id), the onset Ho„ initially 
shifts to lower fields and then at some point reverses its direction and shifts 
to higher fields. This effect is more pronounced at locations closer to sample 
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center, as observed by comparing figures lb and Id. Furthermore, while 
qualitatively similar time dependence of B on is observed, independent of 
temperature, the behavior of Ho„ is strongly temperature dependent as 
demonstrated by the global measurements presented in Figure 2. For 
temperatures higher than 22 K, Ho„ always increases with time, as illustrated 
in Figure 2a for T = 23 K. For temperatures lower than 20 K, H on always 
decreases with time as illustrated in Figure 2b for T = 19.5 K. In the 
intermediate temperature range, between 20 and 22 K, Ho„ exhibits a non- 
monotonic behavior; it initially decreases with time, and after reaching a 
minimum value, it increases with time, as illustrated in Fig. 2c for T = 21 K. 





Figure 2. Time evolution of magnetization curves during 10 minutes after field application, 
demonstrating the various time dependencies of H on . For T = 23 K, H on shifts to the right (a), 
for T = 19.5 K, H„ n shifts to the left (b), and for T = 21 K, H on exhibits a non monotonic 
behavior: initially it shifts to the left and then to the right (c). 

Plotting these results in the H - T plane, one obtains a time dependent 
non-equilibrium ‘transition line’ as shown in Figure 3. The theoretically 
unexpected sharp decrease of the line at low temperature has been discussed 
by de Andrade et al. [42], and attributed to surface barriers [43-47]. It is 
interesting to note that H 0 „ decreases with time in the temperature range 
corresponding to the theoretically unexpected falling branch of the line, and 
increases with time in the temperature range corresponding to the rising 
branch of the line. Completely different picture is obtained in the B - T 
diagram (see Figure 4). Here, the falling branch of the line is absent, and a 
monotonic increase of B on is observed throughout the entire temperature 
range. The increase of the line with temperature is restrained with time, as 
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the rate of change of B on with time decreases with increasing temperature 
[24]. The thermodynamic phase transition line is obtained in the limit of t -> 
and the above results show a trend of approaching a constant value at low 
temperatures as expected theoretically [48-50]. Clearly, B - T rather than H 
- T diagrams are relevant to the vortex phase diagram, and the above results 
demonstrate how far these two lines can be. 




Figure 3. Time evolution of the measured transition line in the H-T plane. Lines are extracted 
from the time dependence of H on presented in figure 2 for different temperatures. 




Figure 4. ‘Transition lines’ in the B - T plane, measured at the indicated sweep rates of the 
external magnetic field. Higher sweep rate corresponds to shorter experimental time window. 
Solid line presents the estimated thermodynamic transition line [24, 25, 5 1]. 

A simple explanation to the differences between H-T and B - T 
diagrams is based on the relationship: H on =B on +47i|M|, where M is the local 
magnetization. Thus, 
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dHon/dt = dB on /dt + An d|M|/dt. 

This equation implies that the rate of change of H on is determined by 
sum of two competing terms: the rate of change of B on , which is always 
positive and the rate of change of |M|, which is always negative. These two 
terms represent two different processes: the former is associated with the 
annealing of TDVS, while the latter is associated with thermally activated 
vortex creep over surface barriers [43-47]. At low temperatures d|M|/dt 
dominates, and thus dH on /dt < 0, i.e., H on decreases with time. At high 
temperatures, dB on /dt dominates, thus dHo„/dt > 0, i.e., H on increases with 
time. Since both d|M|/dt and dB on /dt depend on time, a non-monotonic 
behavior of H 0 „ may be obtained at intermediate temperatures. The sign of 
dHon/dt is changed from negative to positive at a point where the value of 
d|M|/dt drops below the value of dB on /dt. A detailed quantitative analysis 
will be given elsewhere. 

In conclusion, Hon and B on exhibit entirely different dependence on 
temperature and time. The differences can be attributed to variations of the 
local magnetization with time and temperature. For the determination of the 
order-disorder transition line, B on is clearly more relevant. While global 
magnetic measurements yield Ho n (T) which is affected by both, TDVS and 
surface barriers, local magnetic measurements, employing MO techniques, 
provide B on (T) which is affected only by TDVS. The behavior of B on (T) at 
long times approaches the behavior of the thermodynamic order-disorder 
phase transition line. 
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Abstract A detailed characterization of chemical inhomogeneities in Bi2212 single crys- 
tals was carried out by combining compositional analyses using wave dispersive 
spectroscopy (WDS) and local magnetization measurements, such as magneto- 
optical imaging (MOI) technique and Bitter decoration technique. According 
to the chemical analyses using WDS, there are two types of inhomogeneities; 
one with linear structures extending toward a-axis, and another with sheet like 
structures that lying along a-axis. The line defects relate with the compositional 
inhomogeneities, such as Ca-enriched or Ca-deficient regions, with width rang- 
ing from a few nanometers to micrometers and lie parallel to the crystal a-axis. 
It was found that the flux line arrangement at the defect region is largely affected 
by the type of nonstoichiometry. The flux line lattice (FLL) with a hexagonal or- 
der was observed in the Ca-enriched region, while no FLL in the Ca-deficient 
region. On the other hand, the crystal with sheet-like inhomogeneities showed a 
“zebra-like" flux penetration and trapping behavior, suggesting that it composes 
of two regions with different pinning properties. WDS analyses revealed that Ca 
content is also different between these two regions. 

Keywords: Magneto-optical imaging, chemical inhomogeneities, Bitter decoration, Bi2212 



1. Introduction 

Bi2Sr2CaCu20g+<5 (Bi2212) has been considered to be one of the most 
promising high critical temperature (T c ) superconductors for application be- 
cause of its high-T c and easy formation of grain-aligned microstructure. How- 
ever, owing to its intrinsic properties, such as a highly anisotropic layered 
structure and a short coherence length, it shows poor critical current densities 
(J c ), low irreversibility fields ( Hi rr ) and a significant flux creep. It is also 
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Table 1. Analyzed composition (by ICP) and T c for the crystal used in this study 



Crystals 


Bi: 


Sr: Ca: Cu 


T c 


crystal A 


2.21 : 


1.90 : 


: 1.01 : 2 


82.5 K 


crystal B 


2.03 : 


2.08 : 


: 0.85 : 2 


89.0 K 



known that the pinning properties are largely affected by the extrinsic prop- 
erties, particularly by crystal defects. Recently, several groups discovered the 
presence of line defects extending parallel to the growth direction in Bi2212 
single crystals grown by a floating zone method [1-4]. The pinning-induced 
disorders of the flux line lattice (FLL) at such defects have been observed with a 
Bitter decoration technique [1,2]. By coupling magneto-optical imaging tech- 
nique (MOI) and energy dispersive spectroscopy (EDS), Tsu et al. found that 
the Ca-deficient line defects act as weak-links [3], Yasugaki et al. observed 
a linear structure in the differential MOI, though they attributed it to the small 
angle grain boundaries [4], They also reported that some crystal shows the 
variation of Sr/Cu ratio within the crystal. However, the correlation between 
the microstructure of these defects and magnetic properties has not yet been 
clarified. In this paper we present a more detailed investigation of chemical 
inhomogeneities in Bi2212 single crystals grown by a floating zone method. 



2. Experimental Procedure 

Bi2212 single crystals used in the present study were grown by a traveling- 
solvent floating-zone (TSFZ) technique. The starting polycrystalline materials 
were prepared by a standard solid-state reaction method from high purity pow- 
ders of Bi 2 0 3 (99.999%), SrC0 3 (99.99%), CaC0 3 (99.99%), andCuO(99.99%). 
Details of the crystal growth conditions are described elsewhere [5, 6]. The 
chemical compositions of the crystal were determined by an inductively cou- 
pled plasma (ICP) analysis (Seiko instruments SPS 1700 HVR ). In the present 
study, we used two kinds of crystals grown from a different starting compo- 
sition. The analyzed compositions and T c of the crystals are summarized in 
Table 1. 

Microstructure and local chemical composition of the samples were inves- 
tigated by means of transmission electron microscopy (TEM) and an electron 
probe micro analyzer (EPMA) equipped with a wave dispersive spectroscopy 
(WDS) analyzer (JEOL, JXL-8800R/RL). Magneto-optical imaging technique 
(MOI) was employed to study macroscopic flux line distributions. MO images 
were taken at various temperatures with the magnetic field applied parallel to 
the c-axis. Bitter decoration experiments were carried out using Ni particles 
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at 4.2 K after field cooling in the presence of magnetic fields perpendicular to 
the ab plane as in ref. [1]. Flux line patterns were observed with a scanning 
electron microscope (SEM). 

3. Results and discussion 

3.1 Chemical inhomogeneities along a-axis 

In crystal A, we observed two kinds of a-axis oriented linear defects ; one is 
observed as bright contrasted region in the SEM micrograph (denoted as L-l), 
while another one is observed to be dark region (L-2). The width of these defects 
was ranged from 1 //m to 10 //in. In Fig. 1, typical SEM micrograph of the 
linear defects, (a) L-l and (b) L-2 are shown together with WDS results. From 
characteristic X-ray images of each element using Bi-M Q , Sr-L a , Ca-K Q , and 
Cu-K q intensities in WDS, we found Bi-enrichment, and Sr and Ca-deficiency 
at L-l, while only Ca-enrichment at L-2 compared to 2212 matrix. Such a 
structure is possibly caused by the phase separation during the crystal growth, 
because the inhomogeneity extend toward the crystal growth direction and the 
boundary between different phases is very sharp. 

In order to investigate influences of the line defects on flux pinning, we 
carried out the Bitter decoration study . Lowest panels in Fig. 1 shows the 
decoration patterns near the defect region at 4.2 K field cooled in the presence 
of 6 mT. The flux line positions are indicated as bright spots (Ni deposits) on the 
black background. The insets are the fast Fourier transformation (FFT) images 
that the vector basis is associated with the average lattice spacing. Due to the 
presence of line defects, one sees that the structures in both L- 1 and L-2 regions 
are totally different from that in the defect-free region. We observed no F T .T 
in L-l region, while FLL with hexagonal order is conserved in the L-2 region 
with small scattering. This result implies that the superconductivity is largely 
suppressed at L-l region and it rather work as weak links. On the other hand, 
L-2 is regarded as superconducting phase with weaker pinning compared to the 
matrix phase, since the average spacing of FLL in L-2 is longer than defect-free 
region. Weak pinning in the L-2 region is also confirmed by MOI. Figure 2 
shows the MOI of flux penetration for sample containing lots of L-2 type line 
defects Flux preferentially penetrated to the L-2 region due to its weak bulk 
pinning forces. 

3.2 Chemical inhomogeneities along 6-axis 

In sample B, we observed different type of chemical inhomogeneities, namely 
“zebra" structure, observed along 6-axis. Typical MOI of the flux profiles show- 




122 



SEM 



WD5 

(Bi-Mot) 



(Sr-Lot) 



(Ca-La) 



(Cu-Ka) 



BUier decoration 




Figure I. Typical compositional images, WDS intensities, and Bitter decoration images for 
two types of the observed defect region L- 1 (a) and L-2 (b) 



ing the “zebra" structure is shown in Fig.3. Bright region correspond to high 
field areas. The observed flux profiles are obviously inhomogeneous: sheet-like 
flux penetrated regions and sheet-like flux free regions appear roughly perpen- 
dicular to a-axis ; i.e. growth direction. This result suggests that two kinds of 
sheet-like regions with different pinning properties lie alternately perpendicular 
to the growth direction. 
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0,5 mm 



Figure 2 Flux distribution with application of the external magnetic field of (a) 50 mT, (b) 
150 mT t and (c) 240 mT at 10 K for sample with L-2 type line defects. The development of the 
flux penetration through L-2 (large penetration regions are shown by arrows) become observable 
as increasing the field. 



According to the chemical analysis using WDS, the Ca-content in these two 
phases are slightly different ; the compositions for bright region (the weaker 
pinning region) in Fig.3 (c) is determined to be 2.02(6) : 2.02(9) : 0.79(0) : 2, 
while that for dark region (the stronger pinning region) is 2.06(6) : 2.04(7) : 
0.73(3) : 2. 

The sheet like inhomogeneities lying along the growth direction is likely to 
be related to the striation due to the step growth of the crystals. It is well-known 
that in TSFZ method infrared lamps generate a temperature gradient, and the 
molten zone, separated by a polyciystalline feed and a seed rod, moves down- 
wards slowly along the rods during the crystal growth. When the equilibrium 
composition of the melt is modified by the temperature fluctuation, the com- 
position of the crystallized region changes. Similar striation structures have 
been reported so far in the vortex melt expansion by means of differential MO 
imaging technique [4], In this case, however, they observed the variation in 
Sr/Cu ratio. 

4. Summary 

Detailed investigation of several kinds of chemical inhomogeneities observed 
in Bi2212 single crystals grown by a floating-zone method was carried out by 
combining MOI, Bitter decoration, and WDS. We found that the local flux pro- 
files are largely affected by the local chemical composition. As for the defect 
structure lies parallel to a-axis, it can either work as weak-links or pinning 
centers depending on the local composition. We also observed chemical in- 
homogeneities along £>-axis. In this case, we observed alternating sheet-like 
regions with different chemical composition as well as pinning strength. 
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Figure 3. Flux penetration into crystal B with applying a magnetic field perpendicular to the 
a — b plane at 20 K after zero field cooling, (a) the optical micrograph of the sample. Flux 
profiles observed by MO technique with application of = (b) 15 mT, (c) 30 mT, (d) 45 mT, 
(e) 60 mT, and (0 remanent state (B cx - 0; after applying the maximum field 200 mT). Scale 
har is 0.25 mm. 
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Abstract A set of Ag-sheathed Bi-2223 (Bii^Pbo^Sr^Ca^C^Ox) tapes was 
produced using the powder in tube technique and two heat treatments 
separated by a mechanical deformation. For the second heat treatment, a two 
step annealing process was used with the first step at 825 °C and the second at 
different temperatures from 725 to 800°C, an additional tape was produced by 
a slow cooling ramp after annealing at 825 °C. These tapes were studied by the 
way of magneto-optical imaging (MOI). This “local’ technique provides 
results which correlate and clarify the results obtained by other “global” 
techniques (XRD, magnetization, critical current J c , critical temperature T c ). 
The MO results show better superconducting properties (higher J c , good 
shielding properties) for the slow cooled sample and for the sample which was 
annealed at 750°C during the second step. 

Key words: Bi-2223 tape, Transport properties, Magneto-optical imaging 



1. Introduction 

The high temperature superconducting Bi-2223 tapes are already 
employed for some large-scale applications, which need high critical current 
density values. However, the performance of the tapes can still be improved. 
Indeed, J c is limited by different factors such as the presence of secondary 
phases, the appearance of cracks during the mechanical deformation process, 
which are not completely healed during the second heat treatment, and a 
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poor grain connectivity and alignment. All these critical factors can be 
improved during the fabrication process by using different mechanical 
deformation such as sandwich rolling [1] or by changing the annealing route. 

Indeed, the second heat treatment is decisive to obtain good transport 
properties in the sample. During this stage cracks induced by the mechanical 
deformation can be healed as well as secondary phases, such as Bi-2212, Bi- 
2201 or Bi-3221 can be transformed in Bi-2223 [2-4]. 

In this paper, we present some magneto-optical images, along with 
transport, magnetization and X-ray diffraction (XRD) measurements, in 
order to see the influence of the temperature of the second step annealing 
process on the transport and microstructural properties of Bi-2223 tapes. 



2. Experimental 

The studied tapes were produced by the standard powder in tube 
technique. The first sintering was carried out at 840° C in air during 50 hours 
(50H) and followed by a mechanical deformation by rolling in order to 
improve the grain alignment and increase the tape density [2]. The second 
heat treatment, in low oxygen pressure, consisted in 2 annealing steps as 
described in figure 1. 

The magneto-optical (MO) images were taken by placing the indicator 
film (Bismuth substituted yttrium iron garnet) directly on the top of the tape, 
without polishing away the silver sheath. 




Figure 1: Schematic illustration of the sintering process, T X =725°C for the tape Tl, 750°C for 
T2, 885°C for T3 and 800°C for T4, the tape refered as Tsc was slow cooled. 
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The X-ray diffraction measurements were made on the powder extracted 
from the tape filaments. Magnetization measurements were made with 
MPMS to determine the T c as well as the magnetic moment which is 
proportional to the magnetic critical current density (J c )- The transport J c 
measurements were made at 77 K. 



3. Results and discussion 

Figure 2 shows optical images of the tapes cross section and one 
magneto-optical image of the corresponding tape. There are no significant 
differences in the tape cross sections between the different tapes. In the case 
of a multifilament tape, the MO images are complexe because of the signal 
of filaments situated deeper in the tape. Therefore, it is better to concentrate 
on the most contrasted filaments pointed out by the white arrows in the 
figure 2. 




Figure 2: Optical images of the tape cross section and one magneto-optical image 
corresponding to the same tape, the magneto-optical images were taken by placing the film on 
the top side of the tape at 30K under an applied field of 30mT, the white arrows indicate the 
filaments studied further. 



In figure 3 MO images are shown for different temperatures and applied 
field of 30mT. At 30K, the magnetic flux is shielded out of the filament 
whereas at 45K, it penetrates at some places, presumably along cracks 
formed transversally to the rolling direction. This effect is the most 
pronouced in samples T1 and T3. At 55K, the filaments in these tapes are 
fully penetrated though they are still in the superconductor state as they can 
still be distinguished from the silver sheath. At the same temperature, some 
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Figure 4 shows the development of the flux penetration into three 
filaments studied for all the samples in increasing temperature from 30K to 
80K. Larger flux gradients confirm stronger flux shielding in tape 2 where 
the flux penetrates more slowly than in the tapes 1 and 3. Moreover, in these 
tapes, the penetration does not seem to vary linearly with increasing 
temperature but presents some “bursts” of penetration compare to 
progressive evolution of the penetration in the slow cooled tape (T S c)- These 
bursts could indicate the presence of secondary superconducting phases with 
a lower Tc as well as cracks. 




Figure 4: Magnetic flux profile at 30mT with increasing temperature, the doted lines 
indicates the geometrical boarders of the filaments. The strong discontinuity in the graph 
corresponding to T sc is not due to the sample but reflect a crack in the indicator film. 
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The XRD measurements shown in figure 5 confirm the presence of 
secondary phases in the case of T3, which corroborate the hypothesis of an 
easy penetration due to the presence of superconducting phases with lower 
To 





Figure 5: XRD patterns for the different tapes and relative amount of Bi2201 and Bi2212 
compare to the amount of Bi-2223 as a function of the sintering temperature. Peaks marked 
by “A” correspond to the Bi-2223 phase, “B” to Bi-2212. “C” to Bi-2201 and “D” to Bi-3221 

In the meantime the T c measurements in figure 6 indicate that the tape T1 
posses the highest T c onset but the broadest transition of all the tapes 
studied. This indicates an impure superconducting phase leading to poorer 
shielding properties. The slow cooled tape Tsc on the contrary shows the 
lowest T c onset with the sharpest transition. This could indicate the presence 
of defects acting as pinning center that would prevent the magnetic flux to 
penetrate the filaments. 
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The magnetic measurements in figure 7 are consistent with the MO 
observation of cracks: the tapes T3 exhibits large scale penetration 
transverse to the rolling direction, which presumably correspond to unhealed 
cracks. This explains the great difference of the trend between the transport 
J c and the magnetic J c especially for T3. 




Figure 6: T c onset as a function of the sintering temperature, inset graph: magnetization as a 
function of the temperature for the different tapes. 



I^gpefc^j Trar^rrtJ c 




Figure 7: Magnetic and transport measurements of J c . 
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Summary and Conclusion 



Increasing the temperature of the second step of the sintering process 
seems to increase the magnetic J c and decrease sligthly the T c . However, the 
transport properties does not follow the same trend with a maximum 
transport J c in tape T2 annealed at 750°C. Moreover, the relative amount of 
secondary phases (Bi-2201 and Bi-2212) increases sharply for the sample T3 
annealed at 785°C and goes together with a drop of the transport J c . Despite 
a small reduction of T c , the slow cooled tape seems to have the best overall 
properties with high magnetic and transport Jc, few cracks and smooth and 
slow flux penetration. 

From these results, a second step sintering temperature of 725 °C (Tl) 
seems too low and probably favors the formation of an amorphous phase 
which would decrease the grain connectivity and thus reduce the transport 
properties while decreasing the superconducting volume of the sample. 

785°C appears to be the worst temperature in terms of secondary phases 
formation (Bi-2212 and Bi-2201). The analysis of the results obtained by 
employing the combination of local (MO imaging) and global 
characterization techniques suggests that these phases slow down the healing 
of the cracks as they are forming from the liquid phase which help the 
healing process. 

However, T c , transport J c and shielding properties are better for the 
sample T2 sintered at 750°C. According to J. Jiang et al. [5], this could be 
due to the formation of Pb-3221 phase, which is optimum at this temperature 
and would lead to a rise of J c . 

A higher second step sintering temperature (T4 and 800°C) appears to be 
disadvantageous either for the J c and the T c . In contrast the slow cooling 
process apparently permits a good crystallization of Bi-2223 from the liquid 
phase and the secondary phases already present in the sample and hence 
permits a noticeable increase of the magnetic J c . 
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Abstract Magneto-optical imaging (MOI) offers a unique and useful method for 
investigating crack formation in magnetic materials, including high 
temperature superconductors, under tensile strain. Flux penetration into 
superconducting samples is monitored with the application of increasing load, 
mapping void regions developed from microstructural changes. This technique 
is applied to the fracture mechanics of various high temperature 
superconducting films and tapes. Furthermore, converting the optical data into 
quantitative intensity distributions enhances the power of MOI. These 
distributions are subsequently post-processed, resulting in quantitative 
information regarding the current density profile. We discuss the results of 
these investigations, and the implementation of applying new post-processing 
image analysis techniques. 

Key words: superconductor, strain, fracture 



1. Introduction 

Magneto optical imaging (MOI) has been used to explore various 
properties of superconducting materials [1-6]. MOI allows visual inspection 
of magnetic field penetration, saturation, and generation, giving the 
investigator visible data for understanding the magnetic properties. The 
information from the system is understood by either monitoring the changing 
pattern of penetration, or reproducing the pattern through simulations 
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leading to the understanding of the magnetic field patterns by modeling the 
screening currents producing the fields [7-12]. 

The focus here is to advance the impact of MOI by obtaining in- situ 
images of HTS materials under mechanical loads and by developing 
quantitative methods to analyze the MOI data. This approach has, at a 
minimum, yielded unexpected features in the images, which may relate to 
precursor strain indicators in thin film superconductors on single crystal 
substrates. We anticipate that the post-process imaging may expose features 
from the raw data analysis from our stress-strain investigations. 

Previous stress-strain investigations have included experiments on 
Bi 2 Sr 2 Ca 2 Cu 30 x (Bi2223) and Bi 2 Sr 2 CaCu 2 O x (B12212) tapes and the pre- 
compression induced during cooling from the reaction temperature to the 
cryogenic operating temperature [13]. Other investigations show this pre- 
compression induces microstructural damage [14], and work shown in the 
Bi2223 monocore tapes also shows the microstructural influence from the 
deformation processes in the production process [15]. Further investigations 
using MOI related the crack formation of BSCCO tapes to production 
processes [16-18], and studied room temperature bending of conductors 
which are then investigated by MOI [19,20]. Here results are shown for 
powder-in-tube Bi2223 tapes [21,22] and YBa 2 Cu 30 7 _5 (YBCO) thin films 
on single crystal substrates, and YBCO coated conductor tapes on buffered 
Ni-alloy substrates. 

1.1 Experimental Setup 

The experiment is conducted in a flow-through cryostat with a sapphire 
window, allowing the incident polarized light to reflect into the detector. The 
system can operate at temperatures down to ~25K. The samples are placed 
on a copper platform where the stress rig, clamps, thermometer, and MOI 
indicator film are located. The platform is coupled to the cooling system via 
a sapphire stand, which also contains the heating element. For a complete 
description, see [22]. 

Various techniques are employed to determine the stress on the samples 
while under strain. The BSCCO investigations were perfor-med by 
strengthening the tape with a reinforcing fiberglass patch to localize the 
stress to the area under the indicator film. A strain gauge was then applied to 
measure the strain. A modified strain indicator system is under develop-ment 
to prevent delamination in YBCO coated conductor samples, which was a 
problem during previous experiments. 

MOI images are captured with the conductor in the remnant state. The 
samples are zero-field-cooled (ZFC) to the desired temperature and then a 
field of up to 120 mT is applied and sub-sequently removed. The trapped 
flux is then photographed using a digital camera and stored in TIFF format. 
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1.2 Semi-quantitative analysis 

The full image of the area being investigated is formed by collecting 
images of individual rows and columns and then stitching the images 
together. Stitching is done used commercial software, and allows the 50+ 
images to be connected in a relatively short time. The full image is then 
converted to grayscale and the intensity values are saved as a two- 
dimensional data set for further post-processing. 

The curl of the intensity data, which represents _Bj(x,y), is taken as a 
simplification of the Maxwell equation V x B = . This calculation is 

limited in that the contribution to J due only to the z component of B is 
obtained; useful information may be gleaned from this limited information. 
Note that the data are not calibrated to an absolute scale for the magnetic 
field or current density; only the relative difference between varying states 
are considered to better understand the role of various factors on the 
formation and propagation of fracture (for a complete description of the 
contributions for the current density distribution with this geometry see [23- 
25]). 

With the post-processing calculations some simple statistical analyses are 
performed. Three different parameters are considered, including the average 
of pixel values along a given direction, the standard deviation of a pixel from 
the average along a direction, and their ratio. The first two parameters help 
to quantify the measurements; the final dividend provides a useful way to 
reduce the noise in some cases. The standard deviation in many of our 
images follow the general trend of the average, in this way we can use the 
average as a “baseline” and plot the change of the standard deviation as a 
relative ratio to the average, which in many cases removes the “background” 
noise and allows for a clearer plot of the spatial variations within the 
conductor. 




Figure J : Bi2223 current density distribution under applied strain. Frames (a) - (c) show the 
conductor as strain is progressively increased. Arrows show crack formation, and oval 
outlines the cross-like features formed in the current density distribution as the conductor 
filaments fracture. 
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2 . 



Results and Discussion 




Figure 2: Standard deviation along the 
x-axis. Labels describe the comes- 
nondin? frame in Fi?, 1 . 



Figure 1 shows the progressive 
introduction of cracks into a 
multifilament Bi2223 tape. The 
sample was first ZFC to 30K and 
magnetized by applying and 
removing 120 mT, leaving the tape 
in the remnant state. As the visible 
filaments fracture, the distribution 
of screening currents {bright areas) 
show the distinct separation of 
both the different filaments 
(always visible) and the fractured 
filaments {shown at the end of the 
series in Fig, 1c), and the screening 
currents in the cross-like pattern 
appearing in the disjointed pieces. 

Figure 2 is a statistical 
analysis of Figure 1, Plotted is the 
standard deviation of the y- 
direction averages as a function of 
x. Seen in this plot is an increase in 
the number of peaks, 
corresponding to the formation of 
cracks as the strain is applied. 

Figure 3 shows the standard 
deviation of the x-direction 
averages as a function of the 
location in the y-direction; seen are 
the peaks corresponding to the 
number of filaments in the sample, 

YBCO thin films also show 

unexpected features when analyzed statistically. Seen in Figure 4 are white, 
vertical lines that indicate a change in the conductor properties. The 
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Figure 3: Standard deviation along the 
y-axis, Labels describe the corres- 
ponding frame in Fig. 1 . 




Figure 4: YBCO thin film on single crystal substrate current density distribution. Striations 
appear as regularly spaced vertical lines of varying intensity, see text for details. 
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Figure 5; Post-processed image of YBCO coated conductor under strain. Images 
show progressive addition of strain to the system as frames move from 1 to 3< 
Note Lhat as the strain increases, dark linear areas are introduced. 



striations (regularly spaced vertical lines of varying intensity) are only 
visible upon completion of the post processing* We suggest that these lines 
are formed from the introduction of stress from the cooling of the samples in 
the cryostat. These samples were attached to the copper platform via silver 
paint to aid the cooling of the samples. Differences in thermal expansion 
coefficients then lead to stress in the sample and these lines may result from 
such conditions* Further investigation is being carried out to better 
understand if the lines are 



precursor strain indicators 
and whether they apply to 
the substrate single crystal 
or the ceramic supercon- 
ducting layer. 

Focusing on the YBCO 
coated conductor sample, 
we see in Figure 5 a series 
of images corresponding to 
a sample where increasing 
strain has been applied in- 
situ , There is an increase in 
spacing between sets of 
colonies, which progress 
into linear dark areas where 
strain is observed, perpen- 




0*0 0.1 0.2 0.3 0.4 0.5 

Length [mm] 



Figure 6: Standard deviation of YBCO coated 
conductor sample along the length of the conductor 
(x direction), from Figure 5, frame 3. The arrows 
denote the linear void areas (fracture propagation) 
with -22.5 gm spacing. 
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dicular to the direction of application 
of stress. Further analysis of Figure 5 
frame 3, using the statistical 
calculations, gives Figure 6, where we 
can quantify the distance between the 
fracture lines at -22.5 pm. 

YBCO coated conductors present 
more of a challenge since it is not 
possible to determine the most 
important area in a wide, 
monofilament tape. Thus, when the 
conductor begins to deteriorate from 
stress, it is not as obvious as following 
voids that are enlarged with increasing 
strain as in BSCCO tapes. It is 
important to determine the differences 
between dark area voids that are 
introduced during the production 
method (as an area of lower or null 
superconducting density), and voids 
that are formed from screening Figure ?■ YBCO coated conductor 
currents in the superconducting CUJTent densit y distributioil > 
material (Figure 7). Present analysis 

requires several image progressions with varying applied magnetic field to 
differentiate these voids (by following which areas have smaller voids with 
increasing field, indicating a superconducting region with increasing 
penetration). Given that these images are taken over an extended period of 
time, however, varying the 




applied field is a time 0 .8 

consuming method of 
differentiating these states. 

Although the inter- 06 

pretation of applied stress 
is more challenging when 
considering YBCO coated 04 

conductors, it is apparent 
that the analysis allows for 
a more quantitative des- 
cription of the conductor's 
homogeneity. We use the 
statistical data along both p . gure & Standard d “' iation #f YBCO coated 

directions to determine conductor current density distribution along the y- 

production flaws, which axis. 
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lead to continual defi- 
ciencies along the length of 
a conductor or periodic 
flaws along a production 
run (Figure 8 and Figure 9 
show the standard 
deviation along the y and x 
directions, respectively). 

Further exploration and 
implementation of these 
methods may result in real 
time feedback for pro- 
duction facilities, allowing 
corrections to be made on 
the production line. 

3. Conclusions 

We present several methods for analyzing MOI images for a more 
quantitative interpretation. The method is applied to BSCCO and YBCO 
high temperature superconducting thin films and tapes and shows that the 
analysis adds semi-quantitative information useful in understanding various 
properties of the materials, previously investigated through methods which 
are less dependant on what information the raw images contain. We use the 
presented methods to investigate fracture propagation in Bi2223 tapes and 
YBCO thin film, and show that even with some challenges having yet to be 
overcome, we attain useful information about conductor homogeneity in the 
YBCO coated conductor samples. 

Future work includes imaging the YBCO coated conductor with both 
transport current and applied strain. Adding the transport current parameter 
will allow for the exploration of particular current paths and the loss of paths 
with the applied strain. With much promise in analyzing the MOI images 
through more quantitative means, we expect to find more unexpected 
features in the images, which will provide a better understanding about the 
particular conductors with which we work, and lead to better understanding 
and predictions of properties for applied superconductivity. 
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Abstract Iron sheathed superconducting MgB 2 wires were investigated with the help of 
magneto-optical (MO) imaging technique in order to visualize local effects 
induced by ferromagnetic iron screen (sheath) into the superconducting MgB 2 
core. MO experiments were also carried out in the wires with transport 
currents applied. The magnetic flux distribution within the superconducting 
core of the wire has been shown to be unusually modified in the case when the 
current is applied in the field-cooled state. The observed phenomenon is 
discussed in terms of magnetic interaction between the ferromagnetic screen 
and the superconducting core. This interaction enables a super-current 
redistribution within the core, so that the super-current paths are pushed to the 
middle of the core. This redistribution is consistent with the explanation of 
experimentally observed overcritical currents in the wires, which are higher 
than the conventional critical current density. 

Key words: magnetic screening, super-currents, superconducting wires, magneto-optics 



1. Introduction 

Recent magnetic experiments on iron (Fe) sheathed MgB 2 round wires 
[1,2] and tapes [3] have shown that the critical current density ( J c ) in these 
superconductors can be up to one order of magnitude higher than in the 
same conductors having no sheath [2]. This unusual situation was referred to 
as the overcritical state. The origin of this state has been discussed in terms 
of magnetic interaction between the ferromagnetic iron sheath and the 
superconducting MgB 2 core. The results of the experiments [1-3] have 
indicated that the magnetic interaction leads to the super-current 
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redistribution within the core. It was also shown [2] that the overcritical 
state and the super-current redistribution in the bulk round wires can be 
described in a similar way to thin superconducting strips for which a 
theoretical model has been developed by Genenko et al. [4,5]. However, 
experimental results obtained by magneto-optical imaging for thin YBCO 
films placed between perpendicular magnets in an externally applied field 
(B a ) [6] contradict to the theory [4,5]. The overcritical (state) Meissner 
currents were locally obtained by inversion of the Biot-Savart law in the 
region next to the magnets [6], but not on the middle of the film as the 
theory predicts. Moreover, no global investigations, such as magnetization 
or transport measurements, have been carried out. Another experimental 
result on Fe-sheathed MgB bulk wires having a transport current superposed 
with an externally applied field showed a considerable improvement in the 
critical current dependence on the applied field due to the magnetic 
shielding effect [7]. However, no overcritical currents were reported. 

Generally, the situation for thin superconducting strips and bulk 
superconducting wires should be fundamentally different. The super-current 
redistribution is possible in the strips since the Meissner shielding currents 
can flow over the entire thin superconductor. In the superconducting core of 
the wire the super-currents flow only within the magnetic field penetration 
depth A, unless the superconductor is filled with the magnetic flux. 
Furthermore, according to Ref. [4] the flux-free Meissner state is physically 
important condition for the overcritical currents to exist. 

In this work, with the help of magneto-optical imaging technique we 
investigate issues related to the magnetic screening of the superconducting 
core by the ferromagnetic iron sheath, as well as to the super-currents 
distribution within the superconducting core. Local electro-magnetic 
behaviour is expected to shed light on the origin of the experimentally 
observed overcritical state in the bulk superconducting wires. 



2. Experimental Details 

Fe-sheathed MgB 2 round mono-core superconducting wires were 
investigated in this work. A detailed description of the wire manufacturing 
procedure and wire characterization is given elsewhere [8]. The round wire 
cross sections is shown in Fig. 1. Magnetization measurements provided the 
following characteristics of the superconducting wire: the critical 
temperature T c = 38.6 K at B a = 2.5 mT; the critical current density of the 
bare wire having no Fe-sheath J c = 3 x 10 9 A/m 2 at T = 20 K and B a = 0 T. 

The Fe-sheath exhibited a very small ferromagnetic hysteresis in the 
magnetization loops, which is the characteristic feature of soft magnetic 
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Figure l. Fe -sheathed MgB 2 wire cross section. The black lines indicate the remaining 
part after polishing the longitudinal section for MO imaging. 

materials. The maximum permeability of the iron was estimated to be about 
jMjAo = 6 for the field applied perpendicular to the mechanical drawing 
direction of the wire [2] (juo is the permeability of free space). In order to 
obtain a magnetic flux distribution over the wires with the help of the 
magneto-optical (MO) imaging technique, the sample was polished down to 
the final longitudinal cross section, which is indicated by the black lines in 
Fig. 1. An epitaxial ferrite-garnet magneto-optical indicator film with in- 
plane magnetization was used for the MO imaging. The indicator film was 
placed on the top of the polished longitudinal cross section to reveal the 
magnetic flux distribution in both, in the Fe-sheath and the core. The field 
was applied perpendicular to the polished planes of the wire. Two copper 
current leads were soldered to the iron from the both ends of the wire to 
enable application of DC transport current It- A small heating effect {< 0.5 
K) due to the transport current application was observed in the vicinity of l c . 



3. Results and Discussions 

In this work we present only flux profiles obtained from MO images. The 
images themselves are not shown. Examples of MO images can be found in 
our previous work [1]. 

3.1. Magnetic screening at room temperature 

In Fig.2a the magnetic flux distribution across the polished longitudinal 
cross section is exhibited as obtained from the MO imaging at different B at 
at room temperature, and I T = 0 A. The distribution is consistent with our 
previous MO observations [1]. At low fields the complete screening is 
observed for the cylindrical geometry of the wire as described for the case of 
a highly permeable sphere in Ref. [9]. As the field increases the complete 
shielding ceases as discussed in Ref. [10], giving the flux profile governed 
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by the opening in the cylindrical “cavity”. Indeed, above T c the MgB 2 core is 
transparent to the magnetic flux. The opening has been made by polishing to 
enable the MO observations. 

The magnetic flux (B) within the iron exhibits two peaks at the inner and 
outer boundary of the both walls. At B a > 87 mT the magnetic flux 
distribution within the iron becomes homogeneous. It is not entirely clear 
whether the homogeneity reflects the iron magnetization or an artefact of the 
imaging procedure. At small fields, however, B(x) curves as a function of B„ 
do visualize the gradual process of the iron magnetization. It is important to 
note that the iron wall boundaries depicted by the dashed lines in all the 
figures are only for the approximate guide, since the true location of the 
boundaries was impossible to establish on the MO images and on the flux 
profile curves. 




Figure 2. Magnetic flux profiles of the Fe-sheathed wire at different B a and room temperature 
(a) and T = 19.0 K (b). The dashed lines mark iron boundaries. 

3.2. Zero-field cooled state and 7 r = 0 A 

In Fig. 2b the same set of curves are exhibited for the same wire at the same 
location but at T - 19 K which is lower than T c . The zero-field cooled (ZFC) 
state is obtained by cooling the wire through its T c in zero applied field. One 
can clearly see a different flux distribution within the core area than that 
described in the previous section over the measured field range. This is due 
to the superconducting properties of the core. This state is referred to as the 
extended Meissner [1] or pseudo-Meissner state [10] which is enabled by 
the interplay between the tme Meissner state and the magnetic screening. 
The complete superconducting screening induces also notable differences in 
the flux distribution in the Fe-sheath at B a < 137.6 mT compared to that 
observed at room temperature. The flux is always slightly higher in the inner 
wall of the iron. This is due to the sum of the “room temperature” flux and 
the “Meissner shielding currents” flux. The latter contribution should be 
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quite small due to the magnetic screening. It would be interesting to see the 
interplay of these two contributions in the case of the overcritical Meissner 
currents observed in the thin YBCO films in the vicinity of the magnets [6]. 




Figure 3. Magnetic flux profiles of the wire at T = 20.5 K, B a = 0 T and different I T . The 
ovals indicate the “elevation” and “dip” near the interfaces due to the current flow. 

3.3. I T > 0 A and B a = 0 T 

In Fig. 3 the magnetic flux profiles are shown for the case when only 
transport current was applied (B a = 0 T) below T c . The profile within the 
core is somewhat similar to that for the ZFC state and // = 0 A described in 
the previous section. The only difference is for the “elevation” and the “dip” 
around x = 0.5 and 0.9 mm highlighted by the ovals in Fig. 3. These profiles 
are similar to the flux profile of a current-carrying round wire in a type-I 
superconductor [11]. Flux distribution profiles over the iron exhibit clearly 
pronounced peaks at the inner iron wall boundaries. The magnetic flux is 
induced in these regions only by the self-field of the current-carrying core. 
Due to a rather low contrast for this kind of measurements and indicator film 
inhomogeneities the profile at jc > 1.0 is quite noisy and uncertain. It is 
worth mentioning the case of It ~ I c ~ 8.5 A at T = 20.5 K. One can see a 
characteristic slope appears within the core, indicating the transport current 
flowing along the entire core. The “elevation” and the “dip” at the interfaces 
disappear. The profile in the iron walls changes as well. 

3.4. Zero-field cooled state and It > 0 A 

Fig. 4 shows the ZFC state superimposed with different values of I T at T = 
20.6 K. The current is usually applied after the ZFC state was achieved. The 
flux profiles exhibit the features discussed in Sections 3.2 and 3.3. Note the 
following interesting features in Fig. 4: (i) at It = 8.0 A which close to I c the 
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“elevation” at = 0.5 becomes more pronounced, corresponding to the 
Meissner shielding current deepening inside the core. The “dip” is not 
changed due to the fact that one of the current terminal was attached from 
the side of the “elevation”, so that the heating from the contact could 
introduce this modification to the profile for It approaching I c . (ii) After 
increasing It to Ic ~ 8.5 A, one observes a flux gradient across almost the 
entire core, which indicates a nearly homogeneous super-current flow 
throughout the entire core, (iii) Keeping It = 8.5 A, the temperature was 
increased to 26 K (the dotted curve in Fig. 4), the flux profile in this case 
reproduces the situation described for the room temperature with I T = 0 A in 
Sect. 3.1. Indeed, in this case I T > h, the resistance of the non- 
superconducting MgB 2 core and iron is higher than that of the copper 
sample holder. Hence, the entire current applied is channelled through the 
bulk copper, whereas the iron sheath provides the complete magnetic 
screening from the applied field within the core area, (iv) The magnetization 
of the Fe-sheath does not saturate, (v) The magnetization in the left-hand 
side iron wall is slightly higher than that in the other wall on the right-hand 
side, which is respectively due to the addition and the subtraction of the 
fluxes from the self-field of It in the wire and B a . 




Figure 4. Flux profiles in the ZFC state at T = 20.6 K, B a = 22. 1 mT and different I T . The 
arrow points at singularities due to a defect in the MO indicator film. 

3.5. Field-cooled state and I T > 0 A 

The field-cooled (FC) state is achieved by cooling the wire through its T c in 
an externally applied field. The current is usually applied after the FC state 
was achieved. The difference in the flux profiles shown in Fig. 5 with the 
previous case of Sect. 3.4 (Fig. 4) is visible only within the superconducting 
core. Note, that even at I T = 0 A in the FC state the flux profile is different, 
which indicates that in our iron sheath with finite fx the magnetic screening 
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is not ideal (complete). The ideal screening could be only achieved for 
magnetic shells with n — > °° [9]. As soon as T is lowered below T c , the small 
flux within the core becomes quantised. As can be seen in Fig. 2a the flux is 
mainly situated in the middle of the core. However, this distribution is 
artificial due to the open cylindrical cavity. Nevertheless, even in the 
perfectly cylindrical cavity the vortices formed at T=T C are easily pushed to 
the same position in the middle due to low pinning at this high temperature. 
This is due to the Lorentz force inserted on the vortices by the Meissner 
shielding current which appear at T — T c . This vortex redistribution turns out 
to be possible only because the Meissner currents are uneven within the 
core. The largest Meissner currents are in the regions A and B (Fig. 1) due 
to the highest flux in the Fe-sheath in the adjacent areas [10]. Thus, it is 
legitimate to apply the observed flux behaviour to the case of a perfect 
cylindrical cavity. 




Figure 5. Magnetic flux profiles of the wire in the FC state at T= 21.0 K, B a = 37.2 mT and 
different Ij. The singularities at x ~ 0.53 are due to a defect in the MO indicator film. 

After application of I T > 0 A, one can clearly see two features: (i) the 
peak in flux is shifting to the right iron wall due to an additional “self-field” 
flux, which induces spatial imbalance in the Meissner shielding currents; (ii) 
a pronounced flux gradient appears in the middle of the wire at x ~ 0.74 mm. 
MO imaging has been performed in the sample for which its thickness is 
comparable to its width, therefore for a simple approximation we can use the 
flux gradient approach dB/dx = //<>/ for the determination of the current 
density along the core [12]. Therefore, it is straightforward to conclude from 
Fig. 5 that in the FC state a significant part of super-current paths is situated 
in the middle of the bulk wire as we predicted in [2]. 
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It is worthwhile mentioning that the flux gradient in the middle of the 
core increases if B a upon field cooling is increased. This effect was observed 
at rather low B a values < 50 mT. Due to the absence of experimental results 
limited by the contrast resolution of MO images, it is unclear to which 
applied fields the described behavior would persist. 

It remains to point out that at It = 8.5 A and T = 30 K, i.e. in the normal 
state, the flux profile in the sample is very similar to that observed under 
similar conditions in the ZFC state (Fig. 4). 

4. Conclusion 

In this work, with the help of MO imaging technique combined with 
transport measurements we investigated different magnetic and current 
carrying states of the superconducting MgB 2 wire sheathed by ferromagnetic 
iron. We were able to show that in the case of the field applied 
perpendicular to the wire the super-currents within its core are significantly 
modified only in the case of the FC state. In this state the super-currents 
flow, to a large extent, through the middle part of the core. These results 
provide a strong support for the overcritical state model arising as a result of 
interaction between a soft magnetic environment (iron sheath) and a 
superconductor (MgB 2 core) situated within this environment. 
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Abstract With quantitative high resolution magneto-optical imaging the percolative nature 
of magnetisation currents in granular coated conductors has been studied. As 
a model system for these types of grain boundaries we have investigated the 
transport properties of artificially grown grain boundaries in YBa 2 Cu 3 07_«5 on 
different types of bicrystalline substrates. The flux screening properties of a 
grain boundary network, as can be found in YBa 2 Cu 3 07_ ( 5 thin films grown 
on rolling assisted biaxially textured nickel tapes (RABiTS), are compared with 
flux distributions of isolated grain boundaries. YBa 2 Cu 3 07_«5 thin films with 
artificial grain boundaries were grown on Gd- 10at% doped Ce0 2 (CGO) buffered 
Ni and SrTi0 3 bi-crystals with tilt angles ranging from 3° to 16°. The Ni- 
CGO substrates have been chosen for a better representation of the properties 
of RABiTS substrates. It is found that in comparison to the films grown on 
SrTi0 3 , the YBa 2 Cu 3 07_<5 films on bi-crystalline Ni-CGO exhibit improved 
superconducting transport properties across the grain boundary, while for the 
intra-granular critical currents a moderate decrease is observed. The improved 
Jgb/ Jc ratio holds for all studied grain boundary angles as well as over the whole 
accessible temperature range from 8-60 K. X-ray measurements on the in- and 
out-of plane texture of all layers have been performed to get abetter understanding 
of film’s structure at the grain boundary. 

Keywords: RABiTS, grain boundaries, critical current, buffer layer 



1. Introduction 

For the development of high-T c coated conductors, magneto-optical (MO) 
imaging offers the unique possibility to visualise the flux distribution in 
YBa.Cu.Or-d thin films with high spatial resolution over large areas. 
Therefore, MO imaging is often used for quality control of superconducting 
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tapes. Additionally, by the inversion of Biot-Savart’s law [1, 2], a method for 
the quantitative determination of current distributions in these films has been 
developed. With this technique, it is possible, to map the flux distribution in 
granular RABiTS coated conductors [3]. 

In the RABiTS technology a polycrystalline nickel tape is deformed by 
a cold rolling process and subsequently recrystallised at high temperatures. 
During recry staiisation a sharp { 100} (001) cube texture is formed [4, 5]. For the 
deposition of high -T c films on these tapes a thin Ce02 buffer layer is needed as a 
diffusion barrier between the nickel and the YBa 2 Cu 3 07_ l j. During the growth 
of the YBa 2 Cu30 7 „j layer, the cube texture is passed through the buffer layer 
into the YBa 2 Cu307_ ( 5 film. With this approach long YBa 2 Cu 3 0 7 _i tapes with 
an in-plane texture of 5° to 7° have already been successfully grown. In Fig. 1 




Figure /, Flux distribution (left) and current steam lines (right) for YBa 2 Cu 30 7 _f on RABiTS 
with an in-plane texture of . 

the flux distribution of a YBa 2 Cus0 7 _^ thin film on a RABiTS tape with an in- 
plane orientation of the Ni substrate of 8° is shown. Here, the preferential flux 
penetration into the GBs can be seen as a black and white contrast. The visible 
grain structure resembles the one of the substrate to a large extend. For a further 
improvement of the RABiTS technology, e.g. a better coupling of the grains, a 
quality control by means of MO imaging is not enough and more fundamental 
studies are needed. 

With this in mind we made a magneto optical (MO) study of YBa 2 Cu 3 0 7 _i 
thin films grown on bi-crystalline Ni-CGO substrates with pure [001] tilt GBs. 
The Ni films were sputter deposited on commercial STO bi-crystals. As a 
diffusion barrier we used thin Gd-doped Ce0 2 layers. These Ni substrates 
resemble the structure of single GBs in RABiTS tapes as close as possible. For 
comparison YBa 2 Cu30 7 _£ films grown on pure STO bi-crystals were used. 
The in- and out-of plane texture of the substrates and the YBa 2 Cu 3 0 7 ^ films 
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have been investigated by x-ray phi scans and rocking curves. Magnetisation 
current distributions in wide current bridges (750 //m) were imaged using the 
magneto optical Faraday effect [1]. A detailed description of the film growth 
procedure and the experimental set-up can be found in reference [6]. 

The magnetic field distributions that are presented in this paper were 
measured by means of quantitative magneto optics in a helium flow cryostat 
at 8 K [1]. All current distributions are magnetisation currents generated by an 
external magnetic field. Applied fields range from 1 mT up to 200 mT. Usually 
the external fields were chosen to give equal flux penetrated regions for all 
measured films. The experimental setup consist of an iron garnet film that 
is firmly pressed onto the patterned YBa 2 Cu 3 07_ ( 5 film which is mounted 
onto the cold finger of a helium flow cryostat. For the optical imaging of 
the flux penetration into high-T c films a custom-made polarisation microscope 
and a power stabilised light source are used. The polariser-to-analyser position 
was optimised to maximum contrast which was usually near 90°. Grey scale 
images of the light intensity distribution were recorded with a commercial 
CCD camera using exposure times of 100 //s to 250 //s. B , values were mapped 
to the light intensity using a nonlinear calibration function determined for 
each sample separately. Current distributions were then calculated using a 
numerical inversion scheme for Biot-Savart’s law, which gives an integral 
relation between the measured magnetic field B 2 and the current distribution 
within the sample [1, 2]. For the calculated currents a spatial resolution of 
approximately 5 /im is achieved. 

2. Results 

Fig. 2 shows grey scale images of the B z distribution for 3° and 6° GBs in 
YBa 2 Cu307_5 on Ni-CGO (Fig. 2 (a,c)) and STO (Fig. 2 (b,d)). As in all MO 
images shown in this paper, bright corresponds to high magnetic fields. The 
currents are displayed as contour lines. Inter- and intra-granular current profiles 
are taken along the plotted lines in the images. The intra-granular currents, J c , 
are constant within the range of 7%. The small peak in the J c distribution at the 
sample’s edges is caused by a discontinuity of the in-plane magnetisation in the 
field sensing layer [1]. In strong contrast to the constant intra-granular currents, 
the inter-granular currents J gb decrease towards the centre of the sample. This 
decrease is induced by the increasing current component J par flowing parallel 
to the GB plane. It has been found during this study that the outermost part of 
the GB is carrying the highest currents to which J gb can be ascribed. 

Let us first consider the films grown on 3° bi-crystals (Fig. 2 (a,b)). As for the 
YBa 2 Cu307_,5 film on STO (b), the grain boundary is clearly visible as a bright 
line in the B z distribution, acting as an channel for easy flux penetration. This 
is a clear evidence for the weakened magnetic screening at the GB compared to 
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Figure 2. Comparison of the magnetic field and the current distribution for 3° (top) and 6° 
(bottom) GBs in YBasCuaOy^ on Ni-CGO (left) and STO (right). Bright corresponds to high 
magnetic fields. Cunents are displayed as contour lines. In figure (a) the position of GB is 
indicated with arrows. External magnetic fields were 39.6 mT (a) and 46.2 mT (b) for the 3° 
GBs and 29,6 mT (c) and 42*2 mT (d) for the 6° GBs, respectively. 



the grain’s interior. Since the inter- granular J gt> is reduced, the current stream 
lines bend in the vicinity of the GB, The sharp change of the orientation of the 
current flow near the GB and at the sample’s edges leads to the formation of 
discontinuity- or so-called d + -line$ [If Since the currents have to be preserved 
within the sample closed current loops can be formed inside each grain. In 
comparison to the YBa 2 Cu 307 __ j on STO (b) where a clear current suppression 
with Jgb/Jc ~ 0.8 can be detected, in the film grown on the 3° Ni-CGO 
bi-crystal (a) the GB is not visible at all ( Jgb/Jc — 1>0). Apart from this, 
in contrast to the flux pattern on STO (b), for the film on Ni-CGO (a) a 
granularity inside the field penetrated region, as well as a certain roughness 
in the flux front is clearly visible. This granularity resembles flux penetration 
as observed on IBAD substrates, where we have some hundred nanometer wide 
grains in the YB^Cw^Oj^s [7-10]. This suggests a similar granularity in our 
YBa 2 Cu 3 Q 7 _<s films induced by either the Ni substrate or the CGO diffusion 
barrier The characterisation of the intra-granular currents for all measured films 
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Table 1. In- (</>fwhm) and out-of plane (o>fwhm) texture for Ni, CGO and YBCO. 



gives further evidence for the granular structure of the YBa 2 Cu 3 0 7 _5 on our 
Ni-CGO substrates. We find a decrease of the mean value of the intra-granular 
J c from (3.3 ± 0.53) x 10 u A/m 2 on STO to (2.5 ± 0.5) x 10 u A/m 2 on Ni- 
CGO. For a deeper insight into the texture, we have characterised all layers 
by x-ray diffraction. We found a mean value of the in-plane texture for the Ni 
films of (<^fwhm) < 0.3 indicating good epitaxial growth of this layer on the bi- 
cry stalline STO substrate. In the CGO buffer layer we observe a clear broadening 
of the in- and out-of plane texture to (<p nvM ) = 3.86 and (w FWI1M ) = 2.34 that 
is even slightly increased in the YBa 2 Cu 3 0 7 _,5 layer (((/w,) = 5.04 and 
(kW™) ~ 0.4). A detailed list of the texture for each sample on Ni-CGO can 
be found in Tab. 1. Just recently we became aware of a TEM study of Ce0 2 
buffers on RABiTS tapes that describes a similar granularity in the Ce0 2 films 
on a length scale of 20-50 nm and a misorientation of the Ce0 2 grains of about 
3° with respect to the Ni substrates [12], This study clearly supports our MO 
observations of granular-like flux penetration. 

In Fig. 2 (c-d) MO images of a 6° GB in YBa 2 Cu 3 0 7 _5 on Ni-CGO (c) and 
STO (d) are shown. Applied magnetic fields have been 29.6 mT and 42.2 mT, 
respectively. Here, for both films the GB is clearly visible as a region of preferred 
flux penetration. Nevertheless, flux penetration into the GB for these two fi lms 
shows some distinct differences. For the Ni-CGO substrate we observe a step- 
by-step flux entry from both sides of the GB forming two separated cushions 
along the GB. In contrast to this, on the STO substrate flux already floods the 
whole GB at low magnetic fields and a stepwise flux penetration can not be 
detected in this case. Again, this directly reflects the differences in the flux 
screening properties and, thus, in J gb . Whereas the behaviour of the film on 
Ni-CGO is comparable to the 3° GB on STO, as shown in (Fig. 2 b), the 6° GB 
on STO (Fig. 2 d) shows strong current suppressing attributes. 

A summary of all GB angles that have been analysed in this study is given 
in Fig. 3. Clearly, the improved GB properties are conserved for all GB angles 
examined in this study. The improvement is strongest for the transition region 
from strongly coupled grains to a pronounced current suppression at the GB for 
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Figure 3. Angular dependence of the current ratio J gb /J c for YBa 2 Cu 3 0 7 _j on Ni-CGO and 
STO bi-crystals (mean- values). For GB angles > 6° remanent state images have been analysed. 




Figure 4. Angular dependence of the critical current YBa 2 Cu 30 7 _,s on Ni-CGO and STO 
bi-crystals. For the films on STO mean values are given. 



angles of 3° to 7°. In fact, this is caused by a shift of the cut-off angle, where 
current suppression sets in, from 2°-3° on STO to 3°-4° on Ni-CGO. Whereas 
Fig. 3 shows the current ratio J gb /J c , in Fig. 4 the absolute values of J gb are 
depicted. Due to the smaller intra-granular J c on the Ni-CGO substrates, the 
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Figure 5. Temperature dependence of the current ratio J gb / J c for YBa 2 Cu 3 07_ 5 on a Ni-CGO 
and a STO 6° bi-crystal 



improvement of J g b is smaller than for the ratio ■/„{,/ J c , but a clear increase of 
Jgb for GB angles between 3° and 6° can still be seen. 

Since the MO contrast is strongest for low temperatures, the angular 
dependency of the current ratio J g b/J c was studied at 8K. Since our Ni- 
CGO layer is meant to act as a model system for RABiTS tapes, the 
current performance at 77 K is of even bigger interest. Therefore, temperature 
dependent measurements were performed, as well. For experimental ease, we 
used remanent state flux distributions for the determination of the temperature 
dependent current distributions. It was experimentally checked, that the 
calculated current density for a remanent state yields the same results as for 
a partly penetrated one. 

In Fig. 5 the development of J g b(T)/J c (T) for the 6° GBs on Ni-CGO and 
STO from Fig. 2 (c-d) is shown for the temperature range from 8 to 60 K. As 
can be seen from the image, despite of an overall increase of J gb / J c to higher 
temperatures, the difference in the current ratios is kept at an almost constant 
level and the superior GB properties of YBa 2 Cu 30 7 _<5 on Ni-CGO are preserved 
up to high temperatures. 

In the following a qualitative model will be discussed, which accounts for 
the broadening of the in-plane texture of the YBa 2 Cu 30 7 _,5 films on Ni-CGO 
compared to the epitaxial growth on STO bi-crystals. As we see it, the additional 
degree of freedom of an in-plane rotation of the CGO sub-grains is a key aspect 
for the explanation of the increased J g b/J c ratio on the Ni-CGO substrates. 
From the angular dependence of J g b/J c (Fig. 3) we find a shift of the J g b(a) 
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Figure 6. Sketch of the change in the local effective misorientation angle over the GB due to 
an additional texture 



values of approximately 2-3° towards higher GB tilting angles on the Ni-CGO 
substrates. The decrease of Jg b on the STO substrates follows the exponential 
decrease J gb / J c (a ) — exp [-(» - a c )/a 0 ] quite well. Here, a c is the cut-off 
angle for beginning J c suppression and a 0 is the exponential decay constant. 
[11]. For our films on Ni-CGO the in-plane misorientation of the sub-grains in 
the textured YBa 2 Cus 07 _j layer can be incorporated into this formula as an 
additional angle A <fi — ±4°. In this case we assume, that due to the in-plane 
texture the GB angle is either locally reduced or increase by 4°. For a GB of 
length L this leads to 



Jgb/ Jc{ a ) = / exp 

Jo 



a — a c ± A<p(x) 

aa 



dx. 



(1) 



Forall angles a- £<f> < a c we have no current suppression and thus J gb j J c = 1. 
In Fig. 7 we have fitted our J gb /J c data with the described model. The texture 
of the film which is represented by A <fi in our model leads to a significant 
increase of J gb /J c for tilting angles up to 8° (compare (a) with (b) in fig. 7). 
This enhanced Jg b /J c ratio is accompanied by an apparently increasing cut-off 
angle. We want to draw attention to the fact that this change in the cut-off angle 
is mostly induced by the texture &<p in our model. The actual a c changes from 
1.5° on STO to 2.0° on Ni-CGO in the fitting process. As can be seen in Fig. 7, 
we get a good description of the Jgb/Jc increase for the angular range <6°. This 
is due to the fact, that the texture in our model only acts as a multiplicative factor 
for the exponential decay (see Eq.l). Within this model, the decay length, a 0 
is not influenced by the additional texture, but it seems likely that ao changes 
from STO to Ni-CGO. In Fig. 7(c), we have assumed a change of ao from 4° 
to T. As can be seen, this modification of the model improves the description 
of our data to some extend. It is not easy to speculate about the reasons for 
the change of ao, but an increase of the decay constant can be induced by the 
percolative nature of current transport in granular films. The in-plane texture of 
— 5.04 in the YBa 2 Cu 3 07 _ iS layers supports this explanation. 
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Figure 7. Fit of the model to the experimental data for YBa 2 Cu 3 0 7 _ 5 on Ni-CGO and STO. 
(a) Simple exponential dependence for YBa 2 Cu 3 0 7 _ 3 on STO, (b) exponential dependence 
with an additional texture A <j> on Ni-CGO, (c) improved fit for the currents in YBa 2 Cu 30 7 _ 3 
on Ni-CGO. 



3. Summary 

Here we have shown the inferior GB transport properties of textured 
YBaoCiTjO- ,) films grown on bi-crystalline Ni-CGO substrates compared 
to STO bi-crystals. The substrates were a model for GBs in technically 
used RABiTS tapes. With MO imaging of B z distributions we were able to 
visualise the improved GB characteristics in magnetic fields via differences 
in the flux penetration into the GB. By inversion of Biot-Savart’s law current 
distributions for all samples have been calculated. They show an increased 
Jgb/Jc ratio for YBa2Cu307_^ on Ni-CGO for all measured small angle GBs. 
This improvement has been established for the temperature range of 8-60 K. A 
simple qualitative model that takes the textured nature of the YBa2Cu307_^ 
layer into account was developed to describe the increase in J gb /J c by a 
statistical distribution of the in-plane alignment of the sub-grains. Our results 
are greatly supported by TEM measurement found in ref. [ 12 ]. 

We hope that this study might contribute to a better understanding of the 
relations between the growth mechanisms, the film’s morphology and GB 
current transport in RABiTS films to further improve the transport properties 
of RABiTS coated conductors. 
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Abstract Quantitative magneto-optical imaging has been used to investigate low-angle 
grain boundaries in YBa 2 Cu 307 _j (YBCO) thin films in external magnetic fields. 
This technique allows to visualize the flux density distribution in the supercon- 
ductor with a spatial resolution of a few micrometers. It is shown that the behavior 
of low-angle grain boundaries strongly depends on the misorientation angle, the 
temperature and the local magnetic flux density in the magnetization experiment. 



Keywords: Grain boundaries, misorientation angle, ybco 



Transport measurements at grain boundaries in high-T c superconductors 
show that the critical current density decreases rapidly with increasing mis- 
orientation angle of the grain boundary [1], For current carrying applications 
it is therefore desirable to reduce the misorientation angles of occurring grain 
boundaries to angles smaller than 5 degrees. This can almost be realized for 
coated conductors deposited on textured substrates [2, 3]. This paper focuses 
on the influence of individual low-angle grain boundaries (LAGB’s) in YBCO 
films under different conditions investigated in magnetization experiments. 

To determine the influence of LAGB’s on the flux density distribution in 
superconducting films a sample geometry is used which is described in the fol- 
lowing. Thin films of optimally doped YBCO are deposited on bicrystalline 
SrTi 03 [001] substrates with symmetric tilt grain boundaries. The supercon- 
ducting films are grown epitaxially to a thickness of d = 150 nm by a pulsed 
laser deposition process at T= 730° C. After the deposition the films are patterned 
by chemical etching to squares with a lateral size of 1 x 1 mm 2 . 

Afterwards, these films are placed into a liquid helium cryostat, where quan- 
titative magneto-optical measurements are performed. For this purpose a ferri- 
magnetic lutetium doped iron garnet film which has been grown on a gallium- 
gadolinium garnet [4] is placed on top of the superconducting film. This field 
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sensing layer allows the visualization of the magnetic flux density distribution 
in the superconducting film with a spatial resolution of a few micrometers. The 
iron garnet film is observed by a polarized-light microscope and the obtained 
light intensities can be converted by a calibration function into the flux-density 
distribution with high precision. For a detailed description of the quantitative 
magneto-optical technique see the review of Jooss et al. [5]. 

Figure 1 shows first magneto-optical images of YBCO thin films with a 
thickness of 150 nm including [001] symmetric tilt grain boundaries with mis- 
orientation angles of 2°, 3° and 4°, respectively. The flux density distribution is 
depicted as a greyscale representation and the images are obtained to T = 7 K 
in an applied external magnetic field of B ex = 48 mT after zero-field cooling. 
Bright parts refer to a high local flux density. The grain boundary strongly 
perturbs the symmetry of the flux density distribution for misorientation angles 
larger than 2° [6]. In the flux density patterns the role of the grain boundary 
occurs as horizontal white lines, which means that the flux penetration depth 
along the grain boundary is enhanced in comparison to the unperturbed banks. 
This is directly related to a suppression of the critical current density across 
the grain boundary. From figure 1 it is evident, that the penetration depth and 
therefore the suppression of the critical current density increases strongly with 
increasing misorientation angle. Additionally a pronounced effect is already 
present at an angle of 3° whereas in transport measurements a significant drop 
only occurs at angles larger than 5 degrees [7]. 

In the following the behavior of the grain boundary in an external magnetic 
field is compared with the behavior of the banks. It is the goal to find out 
under which conditions the influence of the grain boundary on the flux density 
distribution and consequently on the current pattern is minimized. 

Figure 2 shows the flux density distribution of another sample containing a 
symmetric 3° tilt grain boundary after zero-field cooling to different tempera- 
tures. The figures from top to bottom show the sample at T = 7 K, T = 25 K 
and T = 50 K, respectively. The images are obtained at external magnetic flux 
densities of B ex = 48 mT (top), B ex = 32 mT (center) and B ex = 16 mT 
(bottom), where the external flux density is chosen with respect to a constant 
magnetic penetration depth in the unperturbed film for all three scenarios. In 
the images in Fig. 2 a constant penetration depth of the magnetic flux into the 
unperturbed film is chosen, though the penetration of the flux along the grain 
boundary shows up a different behavior for different external magnetic fields. 
With increasing temperature the magnetic flux penetrates much easier along the 
grain boundary. This can be explained in the observed temperature range by 
a faster drop of the grain boundary current density compared to the film cur- 
rents. So, the suppression of the critical current by the grain boundary is much 
stronger at higher temperatures. This is related to an increasing anisotropy of 
the grain boundary flux lines which reduces the pinning force density [9]. 
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Figure 1. Greyscale images of the flux density distribution of YBCO thin films containing 
[001] symmetric tilt grain boundaries with misorientation angles of 2°, 3° and 4° (top to bottom). 
In the top image the position of the grain boundary is marked by arrows. The enhanced influence 
on the flux density distribution with increasing misorientation angle is clearly visible. 



In the next experiment, the role of the local flux density inside the grain 
boundary is investigated. For this purpose the sample with the symmetric 3° 
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boundary is exposed to a large external field of fi 0 H ex » 500 mT at T = 7 K. 
This external field is by far larger than the field that is necessary for full flux 
penetration. Starting at noH ex = 500 mT the external field is now gradually 
reduced to values of fi 0 H cx = 112 mT, 80 mT and 48 mT. At these external 






Figure 2. Magnetic flux density distribution in a sample with a 3° grain boundary at different 
temperatures: T — 7 K (top), T = 25 K (center) and T = 50 K (bottom). 
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fields snapshots of the flux density distribution are taken which are depicted 
in Fig, 3. Also for varying local flux densities a changing influence of the 
grain boundary can be found. The first image in figure 3 shows a flux density 






Figure 3. Greyscale images of the flux density distribution at T = 7 K at different external 
fields after full flux penetration. The white cross indicates the frozen flux in the sample and the 
images are obtained subsequently at fXoII ex - 112 mT, 80 mT and 48 mT t respectively. 






164 



pattern with a perfect four-fold symmetry. No influence of the grain boundary 
can be measured at an external magnetic field of noH ex = 112 mT. Thus, the 
grain boundary can carry the same critical current density as the banks. The 
subsequent reduction of the external magnetic field leads to a reappearance of 
the grain boundary in the flux density distribution. At n 0 H ex = 80 mT the 
effect of the grain boundary can be recognized as two horizontal dark grey lines 
in the upper part of the center image. The dark grey color code indicates a 
local reduction of the magnetic flux density. Owing to a collapse of the critical 
current density across the grain boundary, the magnetic flux can not be frozen, 
it is expelled along the grain boundary. This behavior is even more pronounced 
after the reduction of the external field to /z 0 H ex = 48 mT (bottom image). 
At the position of the grain boundary two very dark horizontal lines in the flux 
density pattern show up in the bottom image of Fig. 3. These measurements 
demonstrate that a high local flux density in and in vicinity of the grain boundary 
can stabilize the current transport across the grain boundary. This is also the 
reason for the different critical misorientation angles that can be found either 
from transport or from magneto-optical measurements. The decisive point is 
the contribution of vortex— vortex interactions across the grain boundary that 
lead to an additional pinning force. A detailed description of this effect can be 
found in Albrecht et al. [8]. 

In summary, the presented magneto-optical investigations of the flux density 
distribution of YBCO thin films containing low-angle grain boundaries show a 
complex behavior of flux penetration in external magnetic fields. The measure- 
ments indicate clearly the increasing role of grain boundaries for the current 
transport in case of higher misorientation angles. An important experimental 
result is the existence of a local threshold angle between 2 and 3 degrees for 
symmetric tilt grain boundaries which is distinctly smaller than the threshold 
angle of 4-5 degrees which is found in current transport measurements [1]. 
These results do not contradict each other because the local threshold angle 
is determined at the flux front with B — 0. This condition is not realized in 
transport measurements of grain boundaries and the results in this paper show 
that role of the local flux density strongly influences the critical current across 
a low-angle grain boundary. Finally, the following statement can be made due 
to the experiments presented in this paper: The influence of low-angle grain 
boundaries on the current transport in high-temperature superconductors is min- 
imized at low temperatures and rather high magnetic fields of several hundred 
mT. 
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Abstract We study the modification of local electrodynamical properties induced into 
microsized regions patterned by high energy gold ions into as-grown 
YBa 2 Cu 3 0 7 . x film matrix. Two complementary cases of radiation-induced 
micro-channels on strip-shaped films are considered. In the first one the micro- 
channel is aligned perpendicular to the main supercurrent flow direction 
(transverse geometry). In the second one the micro-channel is parallel to the 
main supercurrent flow direction (longitudinal geometry). Quantitative 
magneto-optical analysis provides local imaging of magnetic field and current 
density redistribution over the modified film surface. A preliminary study of 
the local forces responsible for the not-local reorganization of screening 
current within the two previously mentioned landmark-geometries is 
presented. 

Key words: Quantitative magneto-optical analysis, micro-channel patterning by heavy-ion 

irradiation, YBCO film. 



1. Introduction 

High-energy ion beam lithography allows to exploit unique properties of 
high temperature superconductors such as: robust quantum coherent states in 
vortices [1], availability of these states to be modulated by patterned 
irradiation with high energy heavy ions [2,3], radiation hardness [4,5], power 
transport capability in hard pinning superconducting films [6]. 

In particular, the patterning of micro-channels, where the flux flow is 
controlled in a tailored way inside an unaffected matrix, is a first step into a 
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well-grounded road map towards medium-power film-based devices, with 
downscaling of the same patterns as a future goal for electronic devices. This 
patterning affects the current density distribution both in the Meissner and in 
the vortex-state. In homogeneous samples, the sample geometry symmetry 
and the pinning sites density dictate the current density distribution. 
Likewise patterning symmetry must be studied to achieve the desired current 
density modulation into a given sample geometry. 

This paper is focused on results concerning two complementary cases of 
irradiation-induced micro-channels on strip-shaped YBa 2 Cu 3 0 7 . x (YBCO) 
films: the micro-channels are aligned perpendicular/parallel to the strip long 
side, i.e., parallel/perpendicular to the main supercurrent flow direction (here 
called transverse/longitudinal geometry of the channel, respectively). These 
channels were created by modulation at microscale of the nanodefect density 
produced by 0.25 GeV Au-ion irradiation. A full insight into the electro- 
dynamics of these structures needs a local measurement of the involved 
quantities (magnetic field and electrical current density distribution). In this 
work, we pursued a local imaging of the actual current density distribution 
by the quantitative magneto-optical technique (QMO) [7,8]. We compare the 
two symmetries for what concerns the irradiated/non-irradiated interface 
behavior and the non-local reorganization of the current density distribution 
due to the vortex-screening current interaction. 



2. Experimental details 

Films preparation and irradiation - YBCO films are grown by thermal co- 
evaporation on yttria stabilised zirconia substrates with a 40 nm thick Ce0 2 
buffer layer [9]. Transmission Electron Microscopy (TEM) analysis revealed 
that such films have their oaxis normal to the substrate surface, but their in- 
plane grain orientation is random [8]. A YBCO film was then etched into 
twin strips of 0.3 mm x 1.3 mm, labeled LI and L2. The film thickness is 
300 nm, its T c is about 89 K and AT C ~ 0.5 K. 

The strips LI and L2 were irradiated in order to induce inside each of 
them a 80-pm wide micro-channel aligned perpendicular/parallel to the main 
supercurrent flow direction, respectively. The irradiations were performed at 
the INFN-LNL Tandem facility with a beam of 0.25 GeV Au-ions directed 
perpendicular to the film plane, i.e., along the z axis. The irradiation dose 
was <|) = 510 10 cm' 2 (B<j,= 1 T). The spatial modulation of the beam intensity 
was obtained by means of 80 pm wide laser-cut mask positioned under an 
optical microscope. In Fig. 1 the image of a typical irradiated/non-irradiated 
interface performed by the Atomic Force Microscope (AFM) is shown. TEM 
analysis revealed also that the local damage induced by Au-ions impacts on 
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the film consists of insulating columns with a diameter of few nanometers 
surrounded by larger amorphous zones [8], 

The focal control of the irradiation dose in the mask-modulated 
(patterned) irradiation was obtained in two steps. First, we built a calibration 
curve relating the darkening level of heavy-ion sensitive sheets (irradiated 
without mask) to the corresponding average fluence values (measured by a 
calibrated Faraday cup). Then, using this calibration curve, we obtained the 
local value of the dose distribution inside the micro-channel by analysis of a 
sensitive sheet irradiated in the same experimental conditions as the sample. 
Taking into account the mask-slit geometry, a Monte-Carlo code was 
prepared to simulate the irradiation dose profile. The result of the simulation 
is compared with the experimental profile across the darkened irradiated 
sheets. A typical example is shown in Fig. 2. 

QMO analysis method - The QMO measurements were performed in zero 
field cooling down to different temperatures, followed by the application of 
a set of increasing magnetic fields (directed along the z- axis). Each applied 
field was kept constant for 3 seconds, then a magneto-optical image was 
acquired. Our numerical method provides the distribution of the full 
induction field at the film surface, as well as the local electrical current 
density averaged over the sample thickness, J*(x,y) and J y (x,y). The careful 
reconstruction of the current density inside the sample is obtained by the 




Figure L Atomic Force Microscope (AFM) micrography of a 
typical irradiated/n on- irradiated interface. 




position ( umj 

Figure 2. Bean profile distribution (points) along the solid line (traced 
on the exposed sensitive sheet) in the inset, superimposed onto the ion 
distribution calculated by a MonteCarlo simulation (histogram). 




Figure 3 . (a) B z (x,y) 
and (b) jJ(x,y)| maps 
for the virgin strip L2. 
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inversion of the Biot-Savart law and by the B z data iterative correction, 
needed because of the in-plane field effect [7]. The iterative correction 
improves the Biot-Savart inversion because the in-plane magnetic field 
induced by thin samples strongly couples with the indicator films and locally 
modulates the B z sensitivity [10]. In Fig. 3 a magnetic field (B z (x,y)) map 
and the corresponding current density (|J(x,y)|) map of the pristine sample 
(L2) are reported. All the samples display the same homogeneous 
superconducting properties. 



3. Experimental results and discussion 

Magnetic field and current density distributions - The homogeneity in the 
|J(x,y)| map of the virgin samples mirrors a very constant density of pinning 
sites. Since electrodynamical pattern is governed by the geometry and 
pinning sites density, micro-channels influence the magnetic response 
depending on their symmetry with respect both to the sample geometry and 
to the pinning capabilities. 

Fig. 4 provides an insight on the transverse geometry behavior: B z (x,y) 
and corresponding |J(x,y)| maps of the strip LI after the patterned irradiation, 
at T = 5.6 K and for a sequence of increasing external applied fields, are 
shown. In this configuration the surface barriers are readily depressed into 
the micro-channel, and vortices more easily nucleate when columnar defects 
are present at the sample edge [11]. The critical state pattern has concave 
shape instead of the convex flux front inside the pristine part. Both interfaces 
between not-irradiated and irradiated regions play the same role, for what 
concerns the influence on the current flow path and into the channel. 

Fig. 5 is devoted to the longitudinal symmetry: B z (x,y) and corresponding 
(|J(x,y)|) maps of the strip L2, at T = 4.2 K and for a sequence of increasing 
external applied fields, are shown. The asymmetric position of the irradiated 
zone with respect to the film center allows to analyze the interface 
electrodynamics in every condition (vortex/vortex state and vortex/Meissner 
state). It turns out that the current flow pattern is unaffected by the micro- 
channel until the first vortices approach the channel interface from the 
sample edges. During the virgin magnetization cycle, the number of vortices 
approaching the channels is indeed the crucial parameter. Then, vortices 
diffuse further into the channel toward the sample center. At the top and 
bottom quadrants of the sample the longitudinal micro-channel behaves as if 
it had transverse symmetry. 





Figure 5. - B z (x,y) (up) and corresponding 
[J(x>y)| (down) maps for the irradiated strip 
L2 at T = 4.2 K and for a sequence of 
increasing external applied fields. 



Figure 4. B z (x,y) (up) and corresponding 
|j(x T y)[ (down) maps for the irradiated strip 
LI at T = 5.6 K and for a sequence of 
increasing external applied fields. 



The evolution of the B z (x,y 0 ) and |J(x,y 0 )| profiles across the strip L2 are 
reported at increasing external applied fields in Fig. 6. For low applied fields 
the left part of the sample seems to be unaffected by the micro-channel until 
a two-step current distribution across the strip clearly emerges in the jJ| 
profile (except for interfaces, see below). In this configuration the current 
density into the channel is quite homogeneous, except for the interface 
regions. 

Three important states are exhibited in the longitudinal symmetry area: i) 
the pristine electrodynamical configuration of the sample (both Meissner and 
vortex states) is maintained until the first vortices approach the channel, e.g., 
pictures on the left in Fig. 5; ii) after vortices passed through the first 
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interface and diffuse into the channel, the current density flow path is 
modified, as shown in the central part of Fig. 5; iii) the Meissner area in the 
pristine region is non-locally modified when the inner interface is reached by 
vortices (right in Fig.5). 



Magnetic field line curvature and role of Lorentz forces. - The iterative 
procedure yields to the local measurement of the magnetic field line tilt, 0, 
with respect to the z-axis [8], thus we can investigate the vortex curvature 
and the pinning anisotropy by plotting the critical current density, i.e., the 
supercurrent established in the vortex penetrated part, as a function of 0. For 
defects correlated with the z-axis, the J(0) curve should decrease with 
increasing 0 [12].. This is confirmed by the result of Fig. 7, where two 
parallel profiles across the strip LI (one across the irradiated part and the 
other across the pristine region) show the effect of nanodefect induced 
anisotropy on vortex pinning, due to the intrinsic curvature of the flux lines 
in the film geometry [8]. The pronounced defect anisotropy in the irradiated 
zone may allow to control the vortex pinning by applying small in-plane 
magnetic fields localized into the channel region, acting as a magnetic valve. 



g 1,0 
X 

J °’ 8 
^ 0,6 



20 40 60 80 100 

on 




Figure 7. - |J(x,y)|/J max vs. 0 curves 
evaluated from two horizontal profiles 
across the irradiated strip LI, one across the 
irradiated part and the other one across the 
pristine region, (T = 5.6 K). 



In Fig. 8, the three-dimensional distribution of the Lorentz force per unit 
volume F l = (JaB), evaluated at the film surface, is reported for strip LI. 

The non-zero value of the F L component parallel to the z-axis induced at 
the film surface, accounts for the vortex curvature. In the presence of 
columnar defects the Flz component also causes the vortex kink-sliding from 
the sample surface to the central plane of the film [13]. 





Figure 8. (a) 3D measured F L distribution at the surface of the strip LI at PoH app =88 mT. 
The vectors are represented with the same scale factor for the three components (78x47 pts, 
vector distance 22 /xm). (b) Magnification of the encircled region reported in (a). 
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Figure 9 . 3D image of (a) 
B E (x,y) and (b) (J(x,y)J 
maps near the virgin^ 
irradiated interfaces for 
strip LI at T = 5,6 K and 
Mo H app = 88 mT. For the 
colour scale see Fig A 



A 3D image of the transverse channel interfaces region is shown in Fig.9. 
A continuous transition from the flux-creep behavior in the central inner part 
to the strong pinning state started at sample edges is exhibited. The high 
magnetic flux density at the interface corresponds to high current density, 
thus vortices moving through the transverse interface are strongly pinned. 

Some different issues are to be discussed in the case of the longitudinal 
geometry. A characteristic feature is shown in Fig. 10a, where 0 profiles 
across the strip L2 are plotted. The interface near the edge behaves as a 
4 down-step' for vortices nucleated at the sample edge and moving toward the 
sample center. The break in flux line curvature, associated with a minimum 
of magnetic flux (see Fig. 6a), accounts for the change in the vortex 
curvature due to the lower supercurrents (and therefore to the lower in-plane 
magnetic field value) inside the irradiated channel. To fulfill the present 
scenario it must be noted that in our magnetostatic experiments the pinning 
force per unit length is exactly the opposite of the previously defined F L , 
divided by the fluxon number per unit area. By focusing on the component 
of J along the strip, J y , the pinning force per unit length, orthogonal to the 
strip, is fp x -J y 0oy where & 0 is the quantum flux. In Fig. 10b the profile of the 
f Px (over the pixel area) is plotted. The minimum of f Px at the outer interface 
can be explained taking into account that, in the pristine part of the film, 
vortices acquire large velocities with respect to the channel pinning 
capabilities. Thus we speculate that beyond the interface, the vortices have 
enough energy to cover some distance before they are pinned. 




Figure 10. (a) |0(x,y o }| and (b ) /px(JCyo) profiles across the irradiated strip L2. The arrows 
indicate the position of outer interface {T = 4.2 K), 
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In conclusion, we reported the results of a research aimed at creating 
microsize zones, where the ion-induced nanostructures modulate the shape 
of flux penetration patterns and thus modify local current density vectors. 
The irradiated zone confinement was obtained by means of laser-cut masks. 
Local modifications of the electrodynamical properties in the irradiated 
strips were investigated by means of QMO analysis. We addressed some 
meaningful issues related to different behaviors of the same kind of defect, 
put into complementary symmetry configurations, with respect to the given 
sample geometry. 

The authors wish to thank R. Cherubini (INFN - LNL, Legnaro, Italy), 
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Metalli-IMEM/CNR”. This work was partially supported by INFN under 
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Abstract We present magneto optical studies of the critical state in YBa 2 Cu 3 0 7 _5 
(YBCO) thick films prepared using BaF 2 ex-situ post reaction process. A 
distinctive fractal propagation pattern was observed as the magnetic flux 
entering the superconducting films, in a striking contrast to the behavior 
expected of a uniform type II superconducting film in the critical state. 
However, by averaging the flux density over a certain length scale, we found 
that flux penetration can be described with the standard Bean critical state 
model. The temperature dependence of critical current density J c was obtained 
by applying the Bean model to the averaged flux profiles, and found in good 
agreement with those obtained by direct transport measurements. 

Keywords: Magneto optical imaging (MOI), Critical current, Critical state, Fractal, 

YBCO, Superconductor. 



1. Introduction 

The coated conductors by depositing YBa 2 Cu 30 7 .s (YBCO) thick films 
on flexible tapes are the second generation high temperature superconductors 
for large-scale applications. In last several years, impressive progress was 
reported in the development of the second generation wires carrying high 
critical current / c over a long length [1]. Thick films are necessary for 
increasing the overall critical current carrying capability of a conductor and 
reducing the manufacturing cost. Understanding the correlation between J c 
and the structural defects responsible for the flux pinning in the thick films is 
vital for improving current carrying capabilities of a coated conductor. 
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For thick YBCO films, the characterization of magnetic field B and 
temperature dependence of J c by the standard transport measurement is 
rather difficult. This is due to the fact that YBCO thick films carry very high 
/ c , so that large dc current has to be applied to drive the superconducting 
films into the dissipating state, which usually results in excessive heating at 
the contacts. Hence, the transport J c measurement of thick films is limited to 
the operating temperatures, where the sample can be immersed into liquid 
cryogen for effective cooling. For such reason, quantitative high-resolution 
magneto-optical imaging (MOI) technique becomes an excellent alternative 
tool for J c measurement of the superconducting thick films [2]. In the MOI 
studies, the local magnetic field distribution was directly imaged via Faraday 
effect. By fitting the flux profile to certain critical state model, J c of a 
superconducting film can be obtained. For a recent review, see reference [2]. 
Furthermore, the latest MOI technology enables us to visualize the local 
magnetic structure with high spatial and temporal resolution, which can 
provide valuable information on the interaction between the vortices and 
structural defects at a scale of pm and below. 

In the present work, we prepared 1 pm thick YBCO films on SrTi0 3 
single crystal substrates using BaF 2 ex-situ post reaction process [3]. The 
BaF 2 processed YBCO films are known to produce relatively large structural 
defects, yet have a very high J c comparable to those made by the pulsed laser 
deposition (PLD). By imaging the flux distribution in the BaF 2 processed 
films, we can evaluate the role of these large structural defects played in the 
critical state. To our surprise, the flux propagation in these films showed the 
distinctive fractal behavior, in a striking contrast to what we would expect 
for a uniform film in the critical state. However, using the averaged flux 
profile, we were able to obtain J c as a function of temperature for this film 
through fitting the flux front position via the standard Bean model. 
Furthermore, MOI determined J c were found in a good agreement with those 
determined by the direct transport measurements. 



2. Experimental details 

Several 1 pm thick YBCO films were grown on single crystalline SrTi0 3 
substrates by e-beam deposition of pre-cursors including BaF 2 and followed 
by ex-situ post reaction at 735 °C. The details can be found in the Ref. [3]. 
The resulting films had a sharp superconducting transition at T c ~ 90.5 K. 
The dc transport J c at 77 K and self-field was measured to be ~ 1.2 - 2.5 x 
10 6 A/cm 2 . Both values of T c and J c for these films were comparable to the 
high quality films made by the in- situ PLD technique [4]. One piece of films 
was patterned into a circular disk with 5.0 mm in diameter using standard 
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photolithography technique and studied by the MOI. One similar film was 
patterned into micro-bridges (20x120 pm 2 ) for the standard four-probes 
transport measurements, similar to those reported elsewhere [5]. 

MOI studies were performed on the same low temperature MOI station 
described earlier [6]. A high-resolution garnet MOI indicator film was 
placed directly onto the sample surface, with magnetic field always applied 
perpendicular to the film surface. The flux motion in the superconducting 
fi lm was recorded via a digital camera with the arrangement of polarizer and 
analyser crossed at 90 degree at temperatures 4.2 K to 90 K under various 
sequences of applied field. 

In order to compare J c directly with the MOI measurement, transport J c 
was measured in an exchange-gas cryostat equipped with a 9 T 
superconducting magnet. To avoid heating, a bi-directional pulse current 
sweep (10 ms) was used at high current level, and J c was determined using 
the electric field criteria of 10 pV/cm. 

The detailed microstructures of BaF 2 processed YBCO film have been 
reported earlier [3]. Large structural defects are known to be present in these 
films. Round and rectangular shaped precipitates (either Y 2 0 3 or CuO) have 
a physical size ranging from 0.1 pm to 0.40 pm. Since the size of these 
precipitates is orders of magnitude higher than the superconducting 
coherence length of YBCO, they are not considered as the effective pinning 
sites. Instead, they may simply act as roadblocks along the supercurrent path. 
The individual magnetic response of these precipitates can not be studied by 
the current MOI system, since their size is substantially below the spatial 
resolution of MOI (~lpm). Furthermore, these precipitates can be 
completely screened out by the superconductors surrounding them. 



3. MOI results and discussions 

Fig. 1 is a sequence of MOI images taken during a field cycle at 40 K, 
showing magnetic flux penetration into the zero-field-cooled YBCO thick 
film. Note that only a portion of the YBCO film was observable due to the 
limited size of the garnet indicator film relative to the YBCO disk. The 
image brightness represents the local flux density. The arrow in the figure 
indicates the edge of the YBCO disk. The respective images were taken at 
applied magnetic field B A = 12.5, 25, 37.5, and 50 mT during a field 
increasing process. It is clear that the magnetic flux structure shown in Fig. 1 
is remarkably different from what you would expect from a microscopically 
uniform type II superconductor in the critical state, where fractal flux 
penetration occurs only at the flux front due to the randomly distributed 
weak pinning center [2]. In these films, a fractal flux penetration was also 
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observed in the region between the sample perimeter and the flux front. The 
scale of the smallest measurable fractal structures is in the order of 10 jam. 
Detailed analysis of this flux penetration pattern and its correlation to the 
structural defects will be discussed elsewhere. In fact, the same kind of flux 
penetration pattern was observed at all temperatures from 4.2 K to 90 K. 




Figure L Magneto- optical images of magnetic flux penetration into a zero-field-cooled 
YBCO thick film circular disk at 40 K 3 where the arrow indicating the disk edge. The 
respective images were taken at # a = 12.5 mT (a), 25 mT (b), 37.5 mT (c), and 50 mT (d). 

The flux density is highly non-uniform. However, if averaged either 
along the radius or over small portion of the circumference (e.g 10 degree) at 
any given distance away from the center, they looked quite regular, similar 
to those observed in the YBCO thick films grown by the PLD [2, 7]. In fact, 
we found that the magnetic flux density profile along the radius averaged 
over the area covered by the MOI indicator film (~ 60° region) can be fitted 
well by applying the standard Bean model to a circular disk [8]. An example 
was shown in Fig. 2, The symbols were for the averaged flux density 
profiles at two applied fields of 25 mT (open circle) and 64 mT (open 
diamond) taken at T - 40 K, while the solid curves are the respective 
calculated results. The theoretical profiles were calculated from the Bean 
model. In the theoretical calculation, we considered a type n 
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superconducting disk of radius R and uniform thickness d, where d « R. 
We assumed either that d >A, where X is the London penetration depth, or, if 
d < A, that A = 2A 2 /d « R, where A is the two-dimensional screening 
length, and that the lower critical field H c \ is small enough to be neglected. 
Under these assumptions, we used the analytical solutions for the field 
distribution in terms of B.JB d via the Bean model given in Reference 2 and 8. 
B d is the characteristic magnetic field given by B d = //oJ c d/2, and J c is 
assumed to be 5-independent in the Bean model. The calculated results at 40 
K (shown as lines in the Fig. 2) were obtained using B d = 51.2 mT 
determined through the fitting of the flux front position to be described in the 
next section. 




Figure 2. The magnetic flux density profiles of the zero-field-cooled YBCO thick film 
circular disk at T = 40 K, under the applied magnetic fields B a of 25.6 mT (open circle) and 
64 mT (open diamond). The solid lines are the calculated ones with B d = 5 1 .2 mT (see text). 



The experimentally determined profiles are in good agreement with the 
theoretical profiles based on the simple Bean model except near the edge of 
the film. This discrepancy is mainly due to the limited magnetic field 
measuring range of the garnet indicator film and the stray field effect, which 
was not corrected in the calculation [2]. In perpendicular field orientation 
(i.e. B a 1 sample surface), the local flux density is very high near the edge of 
the film due to the extremely high demagnetization factor for films, and thus 
can be easily over the measurable range of the indicator film. For the finite 
thickness of the samples and garnet film, the sharpness of local field profile 
was reduced in the captured images [only stray field was actually recorded in 
the MOI images]. For more precise determination, all relevant distances 
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should be considered. Nevertheless, other than at the area near the edge, 
there is a good agreement between experimentally measured profiles and the 
calculated ones based on the Bean model with a constant value of J c . 



4. Comparison of J Q determined by the MOI and 
transport measurement 

The temperature dependence of J c for these films was obtained by a 
simplified method using the standard Bean model with field-independent J c , 
through the fitting of the flux front position a in a superconducting disk, via 
formula [2, 8], 

a/R = l/cosh( B/B 4 ) (1) 




0 0.02 0.04 0.06 0.08 0.1 0.12 



B a <T) 



Figure 3 , The flux front position as a function of applied magnetic fields at T = 4.2, 30, 40, 
and 70 K respectively. The inset shows the definition of the flux front position, the averaged 
distance measured from the center of the disk to the flux from. 

Fig. 3 is the plot of the averaged flux front position as a function of 
applied field measured at various temperatures. The solid lines are the 
corresponding fits according to Eq. 1, with a fitting parameter # d . The inset 
to Fig, 3 shows the definition of flux front position a, which is the averaged 
distance from the center of the disk to the flux front over the entire 60° 
observable region. For a given set of a and f? d is obtained as a fitting 
parameter, and in term used for calculating the corresponding J Ci As shown 
in Fig. 3, for all temperatures, the agreement between the measured flux 
front position and fitting curves is excellent, which suggests that using a 
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field independent J c is a reasonable approximation in the low field region of 
MOL 

In Fig. 4, we plotted J c as a function of T determined either by MOI, or by 
transport measurement at various fields, together. The open symbols are 
transport J c at external field B a = 0, 0.1, 0.5, 2 and 9 T respectively. 
Transport J c were measured only at high temperatures in self-field or low 
fields, or at low temperature with large external magnetic field to avoid 
sample heating. As shown in Fig. 4, MOI-determined J c is very close to the 
transport J c at the self-field. The good agreement demonstrates that MOI is a 
reliable technique for determining J c in a thick superconducting film, 
particularly at the low field region, to complement the conventional transport 
measurement. 




Figure 4. Temperature dependence of J c of the YBCO thick films obtained by magneto 
optical imaging and transport measurements. The solid circles are the MOI data, while the 
transport data (open symbols) were obtained at self-field, 0.1, 0.5, 2, and 9 T respectively. 



5. Conclusion 

In conclusion, we report our magneto optical imaging studies of BaF 2 
processed YBCO thick films in the critical states. We observed a non- 
uniform, fractal flux penetration pattern. Though locally non-uniform, the 
averaged flux density profiles were found to follow the Bean critical state 
model. The critical current density J c as a function of temperature was 
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obtained through fitting the flux front position via the standard Bean model, 
and found in a good agreement with those determined by the direct transport 
measurements. The MOI images revealed an interesting flux propagation 
pattern in the BaF 2 processed YBCO thick films, which could provide 
important information as how flux lines interact with the large structural 
defects presented in this type of films. Further investigation is being 
performed to clarify the correlation between the observed flux penetration 
pattern and the defects in these films. 
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Abstract The current distribution in thin superconducting films can be influenced by mag- 
netic surroundings. A soft magnet put parallel to a thin film edge can reduce 
or prevent flux entry and therefore stabilise Meissner screening currents in the 
film. This is particularly interesting for the investigation of currents across grain 
boundaries in high temperature superconductors, where the critical current den- 
sity strongly depends on the flux which penetrates into the grain boundary. Fur- 
thermore, using special magnetic arrangements, asymmetric flux and current 
distributions can be obtained. An increase of the grain boundary critical current 
density is obtained in the Meissner state, compared to flux penetrated states. We 
show, that flux penetration into grain boundaries can be suppressed up to a certain 
external field H *, which depends on the temperature, allowing larger intergran- 
ular current densities. All investigations are done by magneto-optical imaging 
and the inversion of Biot and Savart. 

Keywords: grain boundaries, soft magnetic environments 



1. Introduction 

In high T c superconductors the current carrying capability is determined by 
pinning and depinning of vortices. If the current density in the Shubnikov phase 
exceeds the critical current density j c , the flux lines will be depinned. Due to the 
movement of the vortices energy is dissipated. To achieve high loss-free current 
densities, it is therefor important to optimise the flux pinning. Especially for 
higher temperatures this becomes more and more difficult because of thermally 
activated depinning of flux lines. In the flux-free Meissner phase of a high T c 
superconductor the maximum current carrying capability is determined by the 
depairing energy of the Cooper pairs. The maximum Meissner current density 
jo can be one order of magnitude higher than the pinning-determined critical 
current density j c in YBCO thin films. Due to demagnetisation effects in thin 
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Figure 1. Scheme of a perpendicular magnetic environment. The superconductor is still in 
the Meissner state with Meissner shielding currents. 



superconducting films, the Meissner current density flows over the entire width 
of the specimen if there were not the strong demagnetization effects of such a 
thin superconductor. The demagnetization leads to magnetic flux concentration 
at the edges of the superconductor and consequently to flux entry even for 
c.r ^ H cl . 

A soft magnetic environment around a superconductor can modify this flux 
and current distribution in the superconducting film. The variation of the current 
and flux distribution depends on the shape and permeability of the soft magnetic 
environment. Some calculations for different magnetic environments and for 
the transport case can be found in [1] and [2]. 

In the perpendicular configuration (see figure 1) the superconducting film is 
shielded from the perpendicular field at its edges. Therefore the Meissner state 
is stabilised until higher external fields H* x , 

This magnetic screening is particularly interesting for films with grain bound- 
aries because they are the main reason for current suppression in high-temperature 
superconductors. The lower critical current density j*, in the grain boundary 
limits the current carrying capability of the whole superconductor. Keeping 
the flux out of the grain boundary by soft magnetic environments would mean 
that the current suppression in the grain boundary might be reduced. Grain 
boundaries are always present in a coated conductor on technical substrates 
like IBAD or RABiTS, so that the screening experiments with grain boundaries 
are particularly interesting for coated conductors. 

2. YBCO film deposition 

The YBCO films were grown by pulsed laser deposition [3] on 10 mm x 5 mm 
(001) SrTiOa substrates. Single crystalline and bicrystalline pure, symmetrical 
(001] small angle tilt boundary of 4° were used as substrates. The bicrystalline 
film was patterned by optical lithography into a 700 /im wide track. 
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Figure 2. Experimental arrangement: Top view (left) and cross section (right). 



3. Magneto-optical imaging 

Magneto-optical imaging was used to investigate the modified magnetic flux 
distributions of the screened superconducting films. Increasing and decreasing 
external magnetic fields /iq H ex were applied perpendicular to the surface of the 
films. 

The magneto-optical setup consists basically of a polarisation microscope 
with a polariser-to-analyser position near 90° to get good contrast. As magneto- 
optical layer we use an iron -garnet film that can be pressed upon the supercon- 
ductor surface to enhance resolution. The light intensity distribution which 
occurs due to the Faraday effect at the surface of the layer is recorded with 
a CCD camera. In order to convert this intensity distribution to the magnetic 
flux distribution we have to determine a calibration function which gives the 
correlation between light intensity and magnetic flux B z (x,y). By inversion 
of the Biot-Savart law we may calculate the in-plane distribution of the current 
density from the B z (x, y ) -distribution [4], 



4. Experiments 

4.1 Earlier experiments with single crystalline films 

Screening experiments until now were only done using single crystalline 
YBCO films and Fe 2 C >3 magnets. For a detailed description see [5], for the 
experimental setup see figure 2. 

With this setup it is possible to compare conventional flux entry at the rton- 
screened edges with flux entry due to a modified magnetic environment in the 
same sample. 

After zero field cooling increasing external fields noH ex were applied per- 
pendicular to the film surface. In figure 3 the magnetic flux distributions a 
greyscale picture at 5K and a) 80mT or b) 164mT is given. Figure 3c) shows 
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Figure 3, Greyscale image of the magnetic flux distribution at 5K and (a) 80mT, (b) l64mT. 
(c) Current density profile for juo/f e i — 164mT 



a) b) c) 




Figure 4. Greyscale images of the magnetic flux distribution at 77K; (a) 32.8mT. (b) 48.8mT, 
(c) Current density profiles at 77K and — 32.8mT. 



the current density distribution at 5K and 164mT along the white lines shown 
in b). 

Whereas conventional flux entry occurs at the left edge of the sample, no flux 
entry is observed at the edges in the vicinity of the soft magnetic material. This 
is valid up to the highest fields (fioH ex = 164mT) applied in the experiment. 
Here the role of the magnets is important. The magnets accumulate magnetic 
flux and thereby reduce the field concentration at the edges of the film. The 
condition for flux entry H ci — 0 for a thin strip [6] without adjacent magnets 
in a perpendicular magnetic field is not valid for the situation presented here, 
because demagnetisation effects are reduced by the soft magnets. Without the 
penetration of flux lines the superconductor remains in the Meissner state. The 
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maximum current density in the Meissner state is no longer determined by 
depinning and can therefor exceed the critical current density. 

In figure 3c) one can see that the j y (x) -profile exhibits the conventional 
current density distribution for the partially penetrated state with a critical cur- 
rent density of 0.8 • 1 0 ' ' A/m 2 . Whereas the j x (y) -curve shows overcritical 
Meissner current densities up to 2.5 • 10 11 A/m 2 . 

At 77K and noH ex > 16mT magnetic flux appears near the centre of the 
sample, whereas the edges of the superconductor in the vicinity of the magnets 
remain flux free (see figure 5). The current density profiles j y (x) at fi 0 H ex = 
48.8mT show the critical current density j c = (1.5 - 2) • 10 10 A/m 2 all over the 
domain in agreement with full flux penetration in that domain. The j x (y) profile 
shows overcritical current densities in the flux free region near the magnet with 
j = 1.4 • 10 11 A/m 2 . 

4.2 Bicrystalline films 

Generally, magnetisation experiments with bicrystalline high-T c supercon- 
ducting films show enhanced flux entry at the grain boundary for misorientation 
angles © > 3° [7]. In figure 5 magneto-optical images of bicrystalline films 
with 3° and 4° [001] tilt boundaries without a magnetic environment are shown. 
The magnetic flux and current distribution in the samples are symmetrical. The 
flux enters the grain boundary also symmetrically. At the grain boundary, the 
current streamlines (white lines in figure 5) bend strongly, because the critical 
current density in the grain boundary is smaller than in the grain. Modifying the 
magnetic environment of the specimen may lead to another flux distributions. 

In this experiment the soft magnetic environment consists of one 4 mm x 
4 mm x 12 mm FeSi-magnet with a permeability of \x = 300 at 300if. The 
experimental setup can be seen in figure 6. The setup with only one magnet 
was chosen because it allows a comparison between the screened and the non- 
screened side of the grain boundary in the same sample. 

Starting from the zero field cooled state, increasing external fields were 
applied perpendicular to the sample at 10 K. As can be seen in figure 7 we get a 
modified flux and current distribution. Now, the flux entry in the grain boundary 
is strongly asymmetrical. The flux penetration at the right side is suppressed 
up to an external field of y,oH* x (10K) = 26.4mT, whereas normal flux entry 
can be observed at the left edge. 

The same magnetisation experiment at 35 K exhibits screening up to 
IA;> fl* x (35 K)=13.2 mT, indicating that screening of flux penetration in the 
grain boundary is effective up to an temperature dependent field H* X (T). The 
magnetic flux distribution of the full flux penetrated grain boundary shows an 
asymmetrical distribution, too. The screened side of the grain boundary con- 
tains less flux than the left side. The magnetic flux density at the right side 
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Figure 5. Greyscale images of the magnetic flux distribution which are superimposed with 
white current streamlines. (a)Partly penetrated 3° grain boundary at 45mT, (b) full penetrated 
4° grain boundary at 40mT, 




Figure 6. Experimental setup: From top view (left) and from the cross section (right) 



remains clearly below the values for the left side, even for high external fields 
(measured until fioH ex = 171 mT). 

The directions and the relative values of the current density at T = 10 K is 
obtained from the current streamlines (white lines in figure 8). The streamlines 
are obtained from a current potential function, being calculated by inversion of 
the Biot-Savart law. A calculation of the absolute values of the current density 
was not possible in this case because the magnetic environment had an influence 
on the determination of the calibration function. Similarly to the flux density, 
the current distribution is asymmetrical. At the left side the current streamlines 
strongly bend at the grain boundary. This is in contrast to the right side, where 
nearly no bending of the current streamlines is visible at the grain boundary. 
This means that the ratio of the current density in the grain and in the grain 
boundary at the right side is nearly 1. Note, that the validity of the determined 
current streamlines can be easily checked from the condition div] = 0. It 
follows, that the number of lines for the two opposite current directions in the 
sample must be the same. This is fulfilled in figure 8. Our results show a large 
potential of magnetic screening for current enhancement in superconductors 
with grain boundaries. 






89 




b) 

/ 

"\ f-. 


IN 


I o 


< u 


;!/ ! 


% 






s 


; I 

i i 


W 1' 


“ 


i 


Li LL 





a) 


FT VI 


1 




A 


magnet 


1 I 


IT 


u 



\c) C 

l > 


IN 


•— 1 1 


1 


|LJ1 


magne 


H 


fm 





Figure 8. Magnetic flux distributions at 10K with superimposed white current streamlines, 
(a) 13.2mT, (b) 26.4tnT, (cj 39.6mT. 
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5. Conclusion 

In magnetisation experiments with single crystalline films in soft magnetic 
environments it was shown that overcritical Meissner currents are possible in 
such a configuration. For magnetically screened bicrystalline films we show 
the suppression of flux penetration into the grain boundary at different temper- 
atures. Up to fi 0 H* x (lOK) = 26.4 mT and * x (35 K)=13.2 mT flux entry 
was suppressed completely. The flux and current distributions in the speci- 
men are strongly asymmetric for the examined magnetic configuration. At the 
screened side of the grain boundary, we observe nearly straight current stream- 
lines, in contrast to the strong bending at the other side. At higher fields, also 
on the screened side of the grain boundary, a bending of the current streamlines 
develops. However, this bending occurs only towards the sample center and the 
current streamlines remain straight at the samples edge. The grain boundary 
is effectively shielded by the magnetic environment, thereby reducing mag- 
netic flux entry and increasing the intergranular current density % to values 
3b/ jc ~ 1- The experiments presented here show the large potential for current 
enhancement in coated conductors using magnetic environments. 

This work was supported by the Deutsche Forschungsgemeinschaft. 
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MAGNETO OPTICAL IMAGING OF VORTEX 
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Abstract In this paper the signal to noise ratio of the magneto optical (MO) imaging 
technique is calculated. As an example of the sensitivity that can be achieved, 
MO images of flux penetration in YBa 2 Cu 3 0 7 .5 films at low field (ranging 
from 0.2G up to 5G) and near Tc (8 IK) are presented. 

Key words: Magneto optical imaging, signal to noise ratio, superconductor, Bean model 



1. Experimental Set-up 

The system is shown in figure 1. The visualization technique is based on 
the use of the Faraday effect in a magneto-optically active layer, where the 
polarization vector of the incident light is rotated by an angle proportional to 
the flux density component parallel to the propagation direction of the light 
[1]. For reflection enhancement, a mirror layer was evaporated onto the MO 
surface facing the superconductor. After reflection on this mirror, the light 
goes through an analyzer in crossed position so that, ideally, only the light 
with a twisted polarization vector illuminates the CCD camera. The 
experimental arrangement is made of a Mbit 4880-8x Hamamatsu CCD 
camera mounted on a Zeiss microscope, a commercial Linkam HFS91 N 2 
liquid flow cryo-cooler and a garnet film 1 with (LuBiGa) 3 Fe 5 0 i 3 active 

1 Garnet films have been purchased from MAGISTR LTD, Moscow, RUSSIA. 
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layer. 

The magnetic response of patterned YBaCuO superconducting films 
deposited on a SrTi0 3 (STO) substrate was investigated. Before applying 
any magnetic field, a first image was stored. Then the magnetic field was 
applied and a second image was captured and subtracted to the first one. The 
resulting image enables to deduce the field response of the superconductor. 
For quantitative analysis, the MO response was calibrated at a temperature 
slightly higher than the critical temperature of the superconducting film. 
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Figure 1. Experimental setup. The coil (9) produces a small in plane field that forces a 
uniform direction of the ferri magnetic domains so as to obtain an homogeneous magneto 
optic response over the entire imaging area 



2. Image contrast 

In practice, during the acquisition process, the analyzer and polarizer were 
indeed set close to the crossed position. We name a the deviation angle from 
the crossed position and I*, the incident light intensity. Taking into account 
the residual transmission efficiency in the direction normal to the 
polarization plane of the analyzer, the complete expressions of the light 
intensity received by the camera before (I|) and after (Ii) application of the 
magnetic field are : 

I) =I 0 sin 2 ol.T/i +I 0 cos 2 cc.Tjl 
I 2 = I 0 sin 2 {a + 0) . T// +I 0 cos 2 (a + 0).T^ 



( 1 ) 

( 2 ) 
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where T// and Tj_ stand for the transmission factor in the direction parallel 
and normal to the polarization plane of the analyzer respectively. Developing 
(2) at the first order in 0, one gets : 

I 2 =I 0 -T// sin 2 a + 0 . 1 0 . T 7/ sin2a + I 0 . T x cos 2 a (3). 
Only the second right term of (3) gives a true information about the field 
distribution, the other terms are parasitic terms. For very small values of a, 
the last term of (3) dominates, leading to a rapid saturation of the camera. 
For high values of a ( a > 20° ), the first right term in (3) dominates. To find 
the optimum value of a ensuring a maximum value for AI = I 2 -Ii compared 
to the incoming light I, or I 2 , we decided to maximize the contrast term : 



C = 



j - . Assuming 




« 1 and a , 0 « 1 , yields to : 



C 



opt 




for 




(4) 



If Tj_ = 0, we get the expected value a opt =0. In that case the intensity 
received by the CCD camera is only due to the term l o sin 2 0. In our 
experimental setup, a opt = 5° . 



3. Signal to noise ratio 

For Tj_ « T// , the light intensity change between two images obtained 
with and without applied field can be written : 

AI = I 0 sin 2 (0 + a)-I o sin 2 (a) (5) 

After some calculations and assuming 0 is small, (5) can be expressed as : 

AI = 2 . 0 . I 0 . sin 2 (a) . (tan a) -1 (6) 

In practice, the gain of the camera was chosen so as to use the whole range 
of the CCD camera and the acquisition time was less than one second. The 
light intensity I 0 sin (a) may be converted into a grey level value very 
close to the maximum gray level of the digitizer. Converting (6) in 
gray levels, we obtain: 

AN~2.0.^2L (7) 

tana 

where AN is proportional to the local magnetic response of the 
superconducting film. This term has to be compared to the standard 
deviation of the pixel gray level in order to determine the signal to noise 
ratio. 
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The number of incoming photons N ph follows a Poisson's law with a 
standard deviation equal to ^N ph . The CCD camera converts these photons 
into electrons with some quantum efficiency. Because of the probabilistic 
nature of this conversion, the number of produced electrons N e also follows 
a Poisson's law with a standard deviation equal to • These N e electrons 
are converted in a gray level N with a deterministic conversion factor 
k = N / N e depending on the camera and on the digitizer. Therefore the 
standard deviation of the gray level value of each pixel in one image is equal 
to VN/k . For an image resulting from the subtraction of two acquired 
images, the standard deviation a for each pixel ends in: 




Finally, the theoretical signal to noise ratio S/N of the acquisition is : 

%=V 2 - k - N nrn -7“ W 

/1N tana 

For a opt , this equation leads to the optimum signal to ratio equal to : 

(%j) opt = e • do)- 

For a MO layer response of 0.131°/mT, a camera range of 14 bits and a 
typical a value of 0.087 rad (ie 5°), we obtain a signal to noise ratio 
S/N « 1 for one acquisition (lasting less than one second) and a field of 1 G. 
For comparison, we measured an experimental value of 0.7. This sensitivity 
is close to the ones measured by others groups : 7 G/ VHz (Wijngaarden et 
al [1]) and 2.5 G/ VHz (Goa et al [2]). 

The spatial field resolution depends on the pixel size. For a lx lpm 2 pixel 
size, this field resolution would be good enough to detect individual vortices 
provided that the spatial resolution of the imaging system is close to this 
pixel size. This latter is highly dependent on the distance between the MO 
layer and the sample. 



4. MO images of patterned YBCO thin films 

A YBa 2 Cu 3 07. d (YBCO) thin film was patterned as depicted in figure 2. The 
presented geometry is commonly used for SQUID design. Two 
superconducting washer are connected by a thin bridge. In SQUID 
applications, the film is deposited onto a bicrystal substrate whose grain 
boundary crosses the bridge. In that case, the SQUID loop is formed by the 
thin slit patterned inside the bottom washer. 
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Figure 2 . Optical photograph of the patterned YBCO thin film 
Black : YBCO film in black. White : SrTi0 3 substrate. 

A perpendicular magnetic field was applied to the sample after zero field 
cooling at 8 IK. The applied flux ranged from 0.2 G up to 5 G, As shown in 
figure 3, vortices started to penetrate the sample at the edge of the slit inside 
the washer where flux enhancement was maximum. From 0.5G, the larger 
the field, the further vortices spread inside the washer. 




Figure 3 . Magneto optical images of the sample of figure 2 for different applied magnetic 
Odd after zero field cooling, (a) : 0.2 G, (b) : 0,5 G, (c) ; 1 .5 G. (d) : 3 G. 
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Figure 4 shows the flux profiles along the lines aa’ indicated in figure 3a. 
A linear decrease of the flux along the penetration distance is observed. For 
field above 1.5G, the slope is constant whatever is the field, which suggests 
a constant critical current density in the penetrated region as expressed in the 
Bean Model of the critical state [3]. The reduction of the slope for smaller 
field may be explained by the fact that a regular arrangement of the vortices 
has not yet been reached at such low field. 




Figure 4. Flux profiles along the lines aa’ indicated in figure 3a. Y-axis is expressed in Gauss 
and X-axis in pm. 

As a conclusion, it turns out that the detailed analysis of the flux penetration 
and removal processes by the mean of the MO imaging technique is possible 
at low field. In the future, this technique could be of great support in the 
study of vortex noise source localization in high T c SQUID sensors [5]. 
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Abstract In this paper we present a quantitative magneto-optical analysis on c-axis 
oriented YBCO thin films, as grown and irradiated with 3.5 MeV protons at 
three different fluences. Magneto-optical measurements were performed over 
the temperature range 5-70 K and at magnetic fields up to 150 mT. The local 
current density values were obtained from the field maps by means of the 
Biot-Savart law inversion. The critical current density (J c ) is locally defined as 
the current density where the maximum pinning efficiency is reached. This 
procedure allows obtaining J c independently of dissipation threshold criteria or 
critical state model. A J c enhancement emerges for irradiation at the lowest 
fiuence (([) = 2.5 TO 15 cm' 2 ) in the whole investigate temperature range. On the 
contrary at increasing the irradiation dose a temperature-dependent crossover 
from an enhancement to a worsening of J c is exhibited. 

Key words: quantitative magneto-optical analysis; critical current density; proton 

irradiation; YBCO film 



1. Introduction 

Ion irradiation was employed quite soon after the discovery of the high 
temperature superconductors to introduce defects of different topology in a 
controlled fashion [1-3]. These defects behind producing magnetic flux 
pinning centers, perturb the crystalline as well as the electronic structure of 
the original material and therefore can be used to probe many important 
physical properties of the superconductors [4-7]. 
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For their high-current transport capability and the variety of their 
applications, HTS films are among the most interesting systems to be 
studied. The microstructure of YBa 2 Cu 3 0 7 _s (YBCO, henceforth) films 
grown by pulsed laser deposition (PLD) typically presents islands separated 
by trenches [8] where the superconducting order parameter is reduced. This 
microstructure influences the critical current density (J c ) dependence on 
temperature and field. 

Effects of irradiation-induced columnar-defect implantation in YBCO 
films on J c and on its dependence on field and temperature were deeply 
investigated [6,7,9,10-14] while, at our best knowledge, a corresponding 
study on the point-like defect implantation effect is still lacking. 

In this paper we present results concerning 3.5 MeV protons irradiation 
effects on thin YBCO films grown by PLD at three different fluences. The 
aims are: i) to check the possibility to enhance the macroscopic current 
density at low field and ii) to determine the material damage threshold in 
view of YBCO-based device production for outspace applications. 

We characterized our films with the quantitative magneto-optical 
technique. Local current density values were calculated from the magnetic 
field maps by means of the inversion of the Biot-Savart law [15,16] and J c 
was defined as the current density where the maximum pinning sets up [17]. 
Therefore this technique allows to calculate J c without any a-priori critical 
state model assumption or dissipation threshold criteria. 



2. Experimental details 

The analysis was performed on two square-shaped YBCO films, obtained 
by PLD on (lOO)-oriented LaA10 3 substrate. The films are c-axis oriented, 
with the c-axis perpendicular to the film plane. By a standard 
photolithography technique the films were patterned in squares with side 
about 1 mm long. The first film (labeled #J2_2) is 200 nm thick while the 
second one (labeled #J2_4) is 250 nm thick. The superconducting transition 
temperature of the as-grown films is T c = 87.5 K. 

The films were irradiated with 3.5 MeV protons at room temperature at 
the INFN/LNL CN Van der Graff accelerator (Legnaro, Italy). The beam 
was directed perpendicular to the film surface. Sample #J2_2 was irradiated 
at a dose <|> = 2.5- 10 15 cm' 2 , while sample #J2_4 was irradiated at a fluence 
<|) = 5.0- 10 15 cm' 2 , then characterized and then irradiated again up to a total 
dose <(> = 1.010 16 cm' 2 . Irradiation-induced defects can be assumed 
homogeneously distributed along the film thickness (TRIM-code 
simulation [18]). Proton-induced defects are mostly point-like defects which, 
in absence of pre-existing defects, can migrate during irradiation to form 
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clusters [19] and, in a smaller amount, cascade defects [18,20]. A T c 
decrease of about 1 K was measured after the irradiation at the higher dose. 
No change was observed for the other fluences. 

The flux density distribution in the films was visualized using magneto- 
optical imaging. A description of our experimental set-up can be found 
elsewhere [16,21]. The local current density (J) values were calculated from 
the field maps using the inversion of the Biot-Savart law [15,16] with the 
assumption that the current distribution is constant over the sample 
thickness. In the vortex penetrated part of the sample the J profiles across the 
sample exhibit a plateau [16] and the current density dependence on field 
shows a Bean-like behaviour [16,17]. J c , defined as the current density where 
the maximum pinning sets up, was determined as the average value of 
current density in the profile plateau region. 

All magneto-optical characterizations were performed in zero-field 
cooling, at temperatures ranging from 5 K to 70 K. The maximum external 
field applied perpendicular to the film surface was poHext = 150 mT. 



3. Experimental results and discussion 

In Fig. 1 and 2 magnetic induction penetration maps of the samples 
#J2_2 and #J2_4 are plotted before and after irradiation at T = 15 K 
(Fig. 1(a), (c), Fig. 2(a),(c),(e)) and at 55 K (Fig. 1(b), (d), Fig. 2(b),(d),(f)). 
All the images were taken in an external applied field p<)H ext = 57.7 mT. 
Magnetic flux penetrates the films in a cushion-like pattern along the 
borders, which is typical for square-shaped samples [22]. The discontinuity 
lines along the diagonals, where the current stream lines bend are clearly 
exhibited. No in-plane anisotropy emerges [23]. Some alteration of the flux 
distribution due to macroscopic defects is also visible. 

From the field maps analysis it emerges that after irradiation at the lowest 
fluence (<)> = 2.5- 10 15 cm' 2 - Fig. 1) the film is less penetrated than before 
irradiation. This points towards an increasing of J c . On the contrary for the 
intermediate fluence (<]) = 5.0-10 15 cm' 2 ) a wider field penetration is exhibited 
at low temperature (Fig. 2(c)), indicating a worsening of J c . This worsening 
seems to be recovered at higher temperature (Fig. 2(d)). After the highest 
irradiation dose (<|) = 1.0T0 16 cm' 2 ) a wider field penetration is found both at 
15 K and 55 K (Figs. 2(e) and 2(f)). 

J c evaluation allows to quantify these effects. In Fig. 3(a) the J c values 
obtained before and after irradiation at <[> = 2.5- 10 15 cm' 2 (sample #J2_2) are 
reported as a function of the temperature and in a local field of 20 mT. 
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Figure /. Sample #J2_2 - Magnetic field penetration maps obtained before and after 
irradiation at T=15 K (top) and T-55 K (bottom). External applied field: rt^H^ - 57.7 mT, 
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Figure 2 . Sample #J2_4 - Magnetic field penetration maps obtained before and after both the 
irradiations at T=15 K (top) and T=55 K (bottom). External applied field: moH ex[ - 57.7 mT. 
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T(K) 

Figure 3. Experimental critical current density dependence on temperature (symbols) 
evaluated before and after irradiation for (a) the sample #J2_2 and (b) the sample #J2_4. 

The critical current density enhancement is about 15% in the whole range of 
the investigated temperatures as emerges by Fig. 4 where the ratio between 
the J c values calculated after and before irradiation is plotted. 

The J c values obtained before and after irradiation at the highest fluences 
(5.0T0 15 cm' 2 and 1.0-10 16 cm" 2 - sample #J2_4) are plotted in Fig. 3(b) as a 
function of the temperature and in a local field of 20 mT. The corresponding 
ratios between the J c values measured after each irradiation and those 
measured before irradiation are shown in Fig 5. A J c worsening of about 
10% is found at low temperature after the irradiation at the fluence 
<j) = 5.0-10 15 cm' 2 . This worsening is recovered at T > 55 K as already 
indicated by the field-penetration map of Fig. 2(d). On the contrary no 
recovering is exhibited after the second irradiation where the J c worsening is 
about 20% in the whole investigated temperature range. 
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Figure 4. Ratio of the J c values measured after and before irradiation and reported 
in Fig. 3(a). 
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Figure 5. Ratio of the J c values measured after each irradiation and those measured before 
irradiation, all reported in Fig. 3(b). 



By comparing the results obtained for both the samples a crossover from 
an enhancement to a worsening of J c clearly emerges at increasing irradiation 
fluence and the damage threshold can be assumed to be between the doses 
<j> = 2.5* 10 15 cm' 2 and = 5.0- 10 15 cm' 2 at low temperatures and to shifts to 
higher fluences at higher temperatures. 
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Taking into account the standard requested for the permanence in spatial 
environment [24] it emerges that the material exhibits an high-radiation 
hardness. This aspect makes the films as a good candidate for out-space 
applications. 

On the basis of our previous results [6,25], and taking into account the 
PLD-grown film morphology [8] the J c vs. T behaviour under irradiation 
seems to be consistent with a film morphology that contains rows of 
nanosized domais. Their presence reflects the existence of dislocation arrays 
inside the sample where the order parameter is depressed. Such arrays would 
modify the current paths as they would be modified by a 1 -dimensional 
“hidden” high-J c junctions network [6,25]. The model elaboration is in 
progress. 



4. Conclusion 

The effect of the 3.5 MeV proton irradiation on critical current density in 
c-axis oriented YBCO thin films was investigated by means of quantitative 
magneto-optical analysis at temperature ranging from 5 to 70 K. Critical 
current density enhancement is exhibited for irradiation at the lowest dose 
(2.5T0 15 cm' 2 ) in the whole investigate temperature range while at increasing 
the irradiation dose a temperature-dependent crossover from an enhancement 
to a worsening of J c emerges. Due to their high high-radiation hardness with 
respect to standard requested for the permanence in spatial environment 
these films are good candidates for out-space applications. 
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Abstract PC controlled setup for magneto- optical (MO) investigations of current- car- 
rying superconducting films was developed. It included a current pulse circuit 
synchronized with the microscope and PC software for image processing allowing 
us to determine field distributions across superconducting strip using spatially- 
dependent calibration and iterative inversion to find current distributions. We 
study these distributions during and after a current pulse, with and without ap- 
plied magnetic field, current re-distribution during the pulse, precursors to strip 
burn-out at high currents, and dendritic instability triggered by the pulse. We find 
critical- state behaviour accompanied by slow creep of magnetic flux at moderate 
currents in YBCO films, and fast avalanches related to heating effects at higher 
currents in YBCO and MgB2. 

Keywords: current-carrying, transport current, YBCO, inversion, creep, dendritic instability 



1. Introduction 

In contrast to flux relaxation in superconductors (SC) following a change 
in the external magnetic field, experiments making use of current pulses al- 
low covering a wider and more interesting temporal range extending from a 
few nanoseconds to a few hours. Flux and current distributions in SC car- 
rying a transport current were measured in several previous works. Among 
them are results obtained using magneto-optical (MO) imaging [1-8] and Hall 
micro-probes [9-10]. Developments of MO set-up now are going mainly in the 
following directions: (i) developments of the classic optic to improve spatial res- 
olution for imaging vortex lattice [11], (ii) fast laser technique to improve time 
resolution for avalanche imagining [12], and (iii) modulation spectroscopy ap- 
proach [13], consisting in ’'lock-in" synchronized accumulation of little changes 
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of sample or set- up parameters, to increase signal to noise ratio for imaging 
vortex-lattice melting [14] and magnetic material composites [15]. 

In this article we describe our set-up and software for MO studies of current- 
carrying SC samples* Using short pulse of current not only allows us to avoid 
sample overheating, but also provides a possibility to detailed study of dynam- 
ical processes in vortex matter. 

2, MO set-up for studies of current-carrying states 




Figure 2. MO image of YBCO strip carry ing 
current 4,9 A. 

Figure L PC controlled setup for MO stud- 
ies of current-carrying superconductors. 

YBa 2 Cu 307_ < 5 (YBCO) samples usually had a shape of long rectangular 
thin -film strip with 50-1000 fim width and 500-4000 /im length. This shapes 
allows using one- dimensional models for the analysis of measured flux and 
current distributions. The samples had contact pads with area much bigger 
than that of the strip. The pads were formed by thermal sputtering of Au or 
Ag through a mask at 100- 400 °C. Then Cu or Au wires were attached to the 
contact pads using colloidal silver R 1208 Bio-Rad or thermocompression, see 
Fig. 1. The contact resistance was not more than 0.01 fi. Au wire could sustain 
20 A pulses of 50-100 /is duration. For high-current experiments we used 3-5 
such wires for each contact pad. The samples were mounted in Oxford optical 
cryostat The total resistance of wires in the circuit did not exceed 0.05 fi. 

The current pulses were generated by JPG4-50 transistor controlled by a 
pulse generator with pulse duration 1.5-200 fis and the rise time 0,1 /xs. Longer 
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Figure 3. Current-density profiles obtained 
by iterative and standard inversion procedures. 
Solid line: the real current distribution. The 
iterative inversion gives a much sharper J(x) 
profile near the strip edges as marked by ar- 
rows. 



pulses with duration 1 ms - 1 hour were created by a standard current source. 
The current amplitude could be controlled in the range from 0.1 to 100 A. 
Advantech PCL 818L card sent a signal to start the pulse generator and, with 
a controlled delay, sent a signal to the CCD camera Kodak DCS420. Voltage 
on the sample and control resistance were registered by oscilloscope TDS-420. 
To avoid possible bum- out of SC sample, a stabilitron (5-13V) was used. 

3. Calibration of MO images and iterative inversion 

The measured MO images (like in Fig. 2) were converted into flux density 
distributions using spatially-dependent calibration curves that take into account 
non-uniformity of both MO indicator and the light intensity. The current density 
distribution J(x) was calculated from the measured flux density distribution 
using the ID inversion scheme proposed in [16]. Inversion of the Biot-Savart 
law for perpendicular B(x) at the height h above a strip yields for the sheet 
current at discrete coordinates x = n A with integer n 

^ n - n' ( 1 - ke* d [ d 2 + (n - n') 2 - l] [l - ke* d ] \ 

” 2-j fi 0 iv l d 2 + (n-n') 2 + [d 2 + (n-n'+ l) 2 ] [d 2 + {n-n> - l) 2 ] J K f 

where d — h/ A, and k — (— l) n ~ n> . The distributions J(x) calculated from 
(1) are reasonably good [16]. However, since the high harmonic components 
are suppressed by the inversion procedure, the accuracy of the calculated J(x) 
turns out to be poor near the sample edges where the currents drops abruptly 
to zero. We have developed an improved inversion scheme using an iteration 
procedure. Suppose we know Jn(x) calculated on the Nth iteration step. We 
then set Jn(x) equal to zero outside the superconductor, and substitute the 
new current distribution into Biot-Savart’s equation to get the flux distribution 
Bn(x). The latter will be slightly different from the measured distribution 
B{x). The difference B(x) — Bjsr(x) is then substituted into (1) to calculate 
A Jn(x). Wethenset Jjsr+i(x) = Jtv(x) + A Jat(x) and start the next iteration. 
After each iteration step Bn (x) approaches closer to B(x) 9 and the current near 
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Figure 4. YBCO strip carrying trans- Figure 5. Remanent state of YB CO strip 

port current 1= 1.8, 3.5, and 4.9 A. (a,b) after a current pulse, (a-c) the same as Fig. 4 

flux and current density profiles determined 
from MO images as in Fig. 2; (c) - the Bean- 
model profiles 



the edge drops more abruptly. It is usually sufficient to perform 5- 10 iterations. 
The final current distribution exhibits an abrupt jump at the sample edges as can 
be seen from the Fig. 3 for a test example. The only assumption used by this 
procedure is that current cannot flow outside the SC sample, which is physically 
well grounded. 

4. Flux creep and heating in current-carrying YBCO 

An MO image for initially flux-free strip carrying transport current is shown 
in Fig. 2. The image was taken with uncrossed polarizer and analyzer. As a 
result, the flux density of different polarity shows up as different grey level. 
The current profiles across the strip (Fig.4b) calculated from corresponding 
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x/w 



Figure 6. Relaxation of flux 
and current density distribution in 
an initially flux-free YBCO strip 
during the current pulse, I- 4.9A. 
The profiles correspond to differ- 
ent times: 40, 200, 450, 800, and 
1600 ms; arrows show the time di- 
rection. The absolute flux density 
increases throughout the sample. 
The current tends to redistribute 
more uniformly: some extra cur- 
rent moves from the edges to the 
central region 



experimental flux density profiles (Fig.4a) reproduce well the main features of 
the Bean critical state model (CSM) (Fig.4c). However, instead of constant 
J(x) = J c near the edges predicted by the Bean model, we find maxima in 
J(x), and the measured B profiles show a deeper penetration than expected 
from the Bean model. 

The observed deviations from the Bean model give a hint that flux creep ef- 
fects can be important. This has been confirmed by our flux-creep simulations 
[5,17] that reproduced similar maxima in J{x) profiles. The flux creep sim- 
ulations were based on the flux diffusion equation, dB/dt = —d/dx (vB ) . 
The vortex velocity is v — voexp[—U(J)/kT], where U(J) is the current- 
dependent activation energy due to vortex pinning [18,19]. Having the field 
distribution B(x,t) at time £, we calculate the corresponding current density 
distribution as 



J(x, t) — 



TT/lQ 



/: 



B(x f , t) — B a {t ) w 2 — x 



/2 



x — x 



w 2 — X 2 



dx f -j~ 



7 r 



m 

\Jw 2 — 



( 2 ) 



where I(t) and B a (t) are the time-dependent total transport current and ap- 
plied field, respectively. Then the change in B(x,t) is calculated from the 
above flux diffusion equation. We assumed the simplest Anderson-Kim rela- 
tion U(J) = U c { 1 — J/Jcp), where J cp is depinning critical current density, 
and the pinning energy U c = 55 kT was estimated from MO data on flux relax- 
ation. The existence of creep has been directly proven in our next experiment 
on dynamics of flux distribution during the current pulse. Figure 6 shows how 
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Figure 7. Remanent state of initially 
flux-free YBCO strip after large current /, 
where the trapped flux decreases with I. 
Points where response of the MO film is 
suppressed have been removed. 




Figure 8. Total trapped flux in the re- 
manent state after transport current I as a 
function of I. Dots - experimental results. 
Solid and dashed lines - the Bean model 
and creep simulations respectively. 



B and J distribution are relaxing during 1600 ms long pulse of transport current 
with 4.9 A amplitude. It is clearly seen that flux creep leads to a deeper flux 
penetration and a more uniform current distribution. 

When the transport current is switched off, some flux in the inner part of 
the strip remains trapped. Flux density profiles for such a remanent state are 
shown in Fig.5a, their central part is similar to that of the corresponding profiles 
in the current-carrying state, Fig.4a. The current density profiles are shown in 
Fig.5b along with the Bean-model profiles, panel (c). As the net current must 
be zero in any cross section, current lines should form closed loops. In the 
center, the current keeps flowing in the same direction as the transport current, 
while near the edges it now flows backwards. A very intriguing behaviour was 
found in the remanent state after large currents I > 4.9 A. Figure 7 shows 
B profiles across the right half of the strip after currents ranging from 4.42 to 
5.72 A, where we find decrease of the trapped flux with increasing transport 
current. The dependence of the integral flux trapped in the remanent state after 
current I is shown in Fig. 8. For small currents I < 4 A the amount of flux 
increases with the current, as expected. The solid line in the same figure shows 
prediction of the Bean model, which strongly underestimates the trapped flux. 
The flux creep simulations (the dashed line) are much closer to the experiment. 
At larger currents, however, the trapped flux levels out and the dependence 
becomes nonmonotonous as I approaches 7 C , i.e. the trapped flux decreases 
as I increases. Such nonmonotonous behaviour cannot be explained either by 
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Figure 9 Transmission eleciron microscopy im- 
age of YBCO epitaxial film on SrTiO^ substrate. 
Arrows point to block boundaries. 



Figure 10. Surface image of 
YBCO epitaxial film by atomic field 
microscopy. The spatial and depth 
resolution are 100 and 1 nm, respec- 
tively. 



creep or by the CSM, This fact is an indirect indication that heating effects take 
place when the transport current is large. Application of even larger current 
leads to a flux jump [21-24] and strip burn-out (see the next Section), 

This striking nonmonotonous behavior has been found only in the remanent 
state, which implies that the flux jumps take place when the current is decreasing. 
It may seem strange since heating due to vortex motion is larger when the 
current is increasing, as can be shown e.g. within the CSM, However for 
decreasing current there is an additional source of heating: vortex -antivortex 
annihilation. This extra heat dissipation in the annihilation zone can probably 
initiate incomplete flux jumps. The heating effect will be stronger if the flux 
motion takes place through narrow channels of weak pinning leading to highly 
non-uniform energy dissipation. This is obviously the case for YBCO films, 
where the locations of weak-pinning channels can be revealed by transmission 
electron and atomic field microscopy, Figs. 9 and 10 [25]. It should be stressed 
that even the best quality epitaxial YBCO films have submicron grains that 
can be also detected by X-ray diffraction technique on angle dependencies of 
reflection half-widths [26], 

5. Current-induced instabilities in YBCO and MgB 2 

When a transport current approaches the critical value one expects that lo- 
cal inhomogeneities in the material would become increasingly important and 
eventually determine the weak spot where the device will fail [27,28]. Burn-out 
of SC film strips by large transport current up to 5 x 10' A/cm 2 , was investigated 
by MO imaging, Fig, 11. From the details of the pre-burning MO image (b), 
the strip had two regions near the edge, marked by arrows, showing enhanced 
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Figure 11. (a) Sketch of YBCO strip with current, (b) 

MO image of the self-held distribution at current 3 A, (c) 
MO image of the strip damaged by a 6 A current pulse. 
Applied field 5 mT. (d) SEM image of the area marked by 
the white rectangle on (c). 



r . » ■ “* ■ *■ 
■ ■ • ■ 




Figure 12. T c map of the 
same YBCO strip: black - 90K, 
gray - 9 1 K, white - 92 K. Low- 
T c regions 1 and 2 correspond 
to low-j c regions on Fig. 1 lb. 



flux penetration in the current-carrying state. The region 1 is characterized 
by a deeper penetration, and should therefore be the most probable candidate 
to initiate the bum-out. Prior to the MO investigation, we measured spatial 
distribution of T c in the sample using low-temperature scanning electron mi- 
croscopy [27]. Such T c map with spatial resolution 2^m is shown in Fig. 12, 
and one clearly recognizes here regions 1 and 2 from the MO images as also 
being areas with relatively low T c . The channel of destruction seen in the MO 
and SEM images Fig. ll(c,d) strongly correlates with the percolation path of 
low T c . 

Scenario for the bum-out is now seen as follows. Enhanced heat dissipation 
in a region of low T c and j c leads to an increase in local temperature and 
eventually to a transition of the local region into the normal state. This process 
will quickly propagate across the whole cross section causing strong overheating 
and possibly melting of the SC material by large transport current [21,25]. This 
regime is marked as “burning” in Fig. 8. 
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Figure 13. MO i mages of MgB 2 film at 12,5 K. (a) 
Remanent state after 70 ml White arrows indicate 
the direction of the shielding currents, (b) After 
applying a 8.5 A current pulse (duration 3jus) to the 
remanent state; (c) the opposite current directions, 
see black arrows. 




Figure 14 , The film area covered by the current* 

induced dendrites (open diamonds). The vertical 
arrows indicate at which current the number of den* 
drites increases by one. Solid triangles show non* 
stationary voltage during the current pulse (mainly 
due contact pads heating). 



Another example of fast avalanches is current- induced dendritic instabil- 
ity in MgB 2 films that can also be investigated by the MO setup described 
above 1 28]. It was recently demonstrated by MO imaging that below 10 K 
the flux penetration in MgBa films is dominated by large dendritic structures 
abruptly entering the film. These avalanches dramatically contrast the smooth 
and regular flux dynamics normally found in type-II superconductors [29]. It 
is therefore still an open question - one of vital importance for many practi- 
cal applications whether flux dendrites will be formed also in response to a 
transport current. Shown in Fig. 13(a) are flux distribution in the remanent state 
after applying 70 mT field at 12 K, where no dendrites are seen. After subse- 
quent current pulse, dendritic flux structures of the type seen in (b) and (c) were 
formed. Interestingly, the dendrites always develop from the side of the film 
where the transport current adds up with the remanent state persistent current. 
The dendrite formation was insensitive to a change in the pulse duration if the 
rise time was kept constant. This means that the dendrites evolve very fast. 
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probably less than in 1 [is. It is believed that the dendritic avalanche behavior 
results from a thermo-magnetic instability, like in the case of burned-out YBCO 
strip. The same avalanche mechanism then applies: the heating facilitates flux 
motion nearby, which can eventually lead to a large-scale invasion of depinned 
flux along multiple branching channels. 

The work was financially supported by NorFA. 
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Abstract Very different kinds of magnetic flux penetration patterns have been reported 
in the type-II superconductor Nb. Using our advanced magneto-optical setup 
we investigate the flux penetration in Nb thin films. We find that depending on 
the sapphire substrate orientation (either A-plane or R-plane) qualitatively 
different structures are observed. In particular, for the A-plane orientation we 
find fingering and branching, whereas for R-plane samples a rough but 
continuous flux front is observed. Since Nb easily accepts hydrogen atoms as 
interstitial impurities, the influence of static pinning centers on the flux 
penetration process can be investigated. We find that the flux penetration 
drastically changes, becoming more irregular. The possibility to add a well- 
controlled amount of disorder makes NbH x an ideal system to study the 
influence of quenched noise on roughening phenomena. 

Key words: magneto-optical, niobium, flux penetration, hydrogen impurities, thermo- 

magnetic avalanches, Molecular-Beam Epitaxy 



1 Introduction 

Complex flux penetration patterns have been observed in type-II 
superconductors that are different from classical flux penetration behavior 
described by Bean [ 1 ]. For instance dendritic flux patterns triggered by local 
heating with a laser pulse are found in YBa 2 Cu307_* [ 2 ] from magneto- 
optical (MO) studies. Similar dendritic structures are also reported for MgB 2 
[ 3 ]. 
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For the low temperature superconductor niobium several authors found 
rather different magnetic flux patterns. Huebener et al observe smooth 
structures in niobium foils whereas for sputtered thin films seaweed-like 
patterns are reported [4]. Other finger-like patterns are reported by Aoki and 
Habermeier [51 and also by Rowe et al [6]* Studies by Duran et al [7], who 
used sputtered Nb films on various kinds of substrates, revealed tree-like 
patterns, while James et al [8] using scanning Hall probe microscopy found 
‘rough' Bean-like flux patterns. 

The qualitatively different magnetic flux patterns in superconducting 
niobium arise supposedly because of differences in the defect structures of 
the investigated samples* Here we investigate the influence of hydrogen 
impurities on the flux penetration behavior since niobium easily absorbs 
hydrogen thereby changing the defect structure and destroying 
superconductivity on a local scale. We show that by increasing the hydrogen 
content (increase the amount of defects) we are able to change the flux 
penetration pattern. Since often niobium samples are grown on sapphire 
substrates, we restrict our experimental investigation to niobium films grown 
on A (1 120) and R (U02) sapphire substrates. 




Figure L Measured local magnetic induction B z in a 500 nm Mb thin film on an A -plane 
substrate after zero field cooling to 4.2 K and subsequently applying a field of 6.8 mT. (a) the 
as-grown film shows finger-like flux protrusions, which enter the sample in an abrupt manner 
(b) shows the same film after exposure to hydrogen gas at a pressure of 60. The black area 
corresponds to the Meissner phase, and bright regions to the Shubnikov phase. The magnetic 
flux distribution shows easy flow channels. 
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2 Experimental details 

In this section the sample, the MO set-up, the magnetic field sweep- and 
the hydrogenation- procedure are presented. 

Nb thin films of thickness 500 nm are made by e-gun evaporating under 
Ultra High Vacuum (UHV) conditions (base pressure: 1 10' 7 Pa) on A-plane 
(1120) and R-plane (1102) sapphire substrates (T sub = 973 K). Prior to 
evaporation the substrates are cleaned and subsequently baked out at 973 K. 
To obtain a strip geometry of 9.0 x 1.8 mm 2 we use a shadow mask. If 
niobium is exposed to air, a thin layer at the sample surface oxidizes, which 
is hardly permeable to hydrogen. To prevent this and to be able to introduce 
hydrogen into the films afterwards, a 10 nm thick Pd cap layer is evaporated 
in-situ on top of the Nb films at room temperature. Palladium catalytically 
dissociates the H 2 molecules into H atoms that diffuse easily into the 
niobium film. We estimate, from the hydrogen partial pressure, that the 
hydrogen contamination in the fabricated film less than 0. 1 %. 

We measure the local magnetic induction B z directly above the 
superconducting sample using an MO set-up [9] by detecting the 
polarization change in a Bi-substituted ferrite-garnet film [10] with in-plane 
magnetization vector and large Faraday effect (typically 0.06 deg/mT). We 
mount this ‘indicator’ on top of the sample and place the assembly in our 
specially built cryogenic polarization microscope, which fits into the 
variable temperature insert of an Oxford Instruments 1-T magnet system. We 
use a small amount of helium gas (partial pressure 6 10 3 Pa) in the sample 
space for good thermal contact of the sample with the cryostat. 

Our experiments are performed at 4.2 K after zero field cooling (ZFC). 
We apply the external magnetic field perpendicular to the sample and 
indicator surface and increase it from 0 to 20 mT in steps of 50 pT, using a 
constant sweep rate of 50 pT/s between steps. After every field step, the flux 
distribution in the sample is relaxed for 3 seconds after which an MO image 
is acquired. To avoid geometrical effects due to the comers, we investigate 
only the middle part of the sample. Our camera has 782 x 582 pixels and the 
exposure time is 300 ms. The spatial resolution is such that the width of a 
square pixel equals 3.4 pm. Each experiment is repeated at least once to 
investigate reproducibility. After repeating the experiment we heat up the 
sample to room temperature. Next, the sample space is flushed with helium 
gas and the hydrogen content of the sample is increased by applying about 
twice the previously applied hydrogen pressure (further details below). 
Before cooling down again, we wait one hour (at room temperature) to 
equilibrate the hydrogen concentration throughout the sample. 
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3 Substrate orientation 

We now discuss the role of the substrate orientation on the flux 
penetration pattern and show the rather different behavior observed for flux 
penetration in the as-grown niobium on either A- or R-plane sapphire. 

In figure la we show the measured local magnetic induction B. in a Nb 
thin film on an A-plane substrate at 6.8 mT after ZFC to 4.2 K. The scale-bar 
indicates the magnetic induction B . Note that the Meissner phase appears 
black and the Shubnikov phase bright. With increasing magnetic field, the 
flux suddenly starts to enter in finger-like bursts of magnetic flux, which 
appear instantaneously (our temporal resolution exceeds the time of 
formation). We observe the apparent presence of a repulsive interaction 
between neighboring fingers causing more complex meandering and 
branching of the fingers with increasing external field. Above ~6.2 K the 
finger-like protrusions of magnetic flux are absent and flux penetrates in a 
smoother way [11]. Our observations are consistent with the occurrence of 
thermo-magnetic avalanches proposed by Aranson et al. [12] where a hot 
spot starting at the edge moves into the superconductor causing branching of 
the penetrating flux when it encounters defects. 

In figure 2a we show the measured local magnetic induction B z in a Nb 
thin film on a R-plane substrate at 8.0 mT after ZFC to 4.2 K. Again the 
scale-bar indicates the magnetic induction B z . Note however that now fingers 
are absent and the flux penetrates in a gradual manner without large 
avalanches. While slowly increasing the magnetic field, the flux appears to 
penetrate in small plumes forming a somewhat irregular ‘flux front’. The 
flux front is defined as the borderline between the Meissner and the 
Shubnikov phase. In the next section we investigate the role of hydrogen 
impurities on the flux penetration. 

4 Hydrogen impurities 

It is well known that Nb easily absorbs hydrogen. However, the influence 
of hydrogen on the superconducting properties [13] of Nb films has not been 
investigated in great detail. Most investigations concentrated on changes in 
electronic, magnetic, and structural properties of the NbH x system. With 
increasing hydrogen concentration the niobium lattice expands [14] leading 
to morphological changes, crystal lattice distortions, and dislocations [15]. 
We now discuss the various different phases that can be expected to be 
formed based on the bulk phase diagram [16]. For low hydrogen 
concentrations around room temperature (where we change the hydrogen 
concentration) the a phase is formed, which is a disordered solution of 
hydrogen in bcc niobium with low hydrogen concentration. At somewhat 
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higher hydrogen concentrations the J3 phase is formed resulting in 
coexistence of a + J3 phases. The J3 phase is an ordered interstitial solid 
solution of hydrogen. It is important to note that the phase is not 
superconducting above L2 K [16,17], while the lowest temperature 
investigated here is 4.2 K. Upon cooling down to 4,2 K the £ phase forms. 
Randomly distributed precipitates of £ phase with typical sub-micrometer 
size are formed. Thus at low temperature we expect the a + £ phases with (at 
high hydrogen concentrations) /? phase regions. We present now the results 
for the Nb films on A-plane substrates. The results of Nb films on R-piane 
substrates are given at the end of this section. 




Figure 2. Measured local magnetic induction B z in a 500 nm thick Nb thin film on a R- plane 
substrate after zero field cooling at 4.2 K and subsequently applying a field of 8.0 mT. 
Figures a to d show the same region after exposure to hydrogen gas pressures of 0, 80, 260, 
and 40000 Pa. The hydrogen gas pressure is changed at room temperature. After zero field 
cooling, the complete evolution of the magnetic flux penetration, with increasing the magnetic 
field, is obtained. The black area corresponds to the Meissner phase, and bright regions to the 
Shubnikov phase. The arrows in b and c indicate the growth of a branching magnetic flux 
protrusion with increasing hydrogen content. Fragmentation into superconducting islands is 
visible in figure d, see text for more details. 



In figure lb, we show the measured local magnetic induction B z in a Nb 
film on an A-plane substrate after loading with hydrogen at a hydrogen gas 
pressure of 60 Pa at room temperature. The sample is ZFC to 4.2 K and 
subsequently a magnetic field of 6.8 mT is applied. Black areas correspond 
to the Meissner phase and bright regions to the Shubnikov phase. Figure la 
shows the sample before applying hydrogen. Note that in both cases the 
magnetic flux penetrates in a burst -like manner through channels, but these 
are much narrower and more closely spaced in the sample containing 
hydrogen. Note also the change of direction of entering flux with increased 
hydrogen content. We suppose this is due to surface corrugation due to the 
Nb lattice expansion. 
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Figures 2a to 2d show the measured magnetic induction B z in a Nb thin 
film on a R-plane substrate after ZFC to 4.2 K and subsequently applying a 
magnetic field of 8.0 mT. Figure 2a shows the flux penetration in the as- 
grown film together with a gray-scale bar indicating the local magnetic 
induction, which holds for all images. The hydrogen content of the sample is 
increased in figures 2b to 2d by applying a hydrogen gas pressure of 80, 260, 
and 40000 Pa at room temperature. Thus for every experiment the sample is 
increasingly loaded with hydrogen and after ZFC the complete evolution of 
the magnetic flux penetration, with increasing magnetic field, is obtained. 
Note that for figure 2a to 2c upon increasing the externally applied magnetic 
field vortices start to penetrate the superconductor from the edge. By 
increasing the hydrogen content the flux penetration becomes more irregular. 
For example, the arrows in figure 2b and 2c point at one magnetic flux 
protrusion which splits more and more with increasing hydrogen 
concentration. Note that the flux penetrates further into the superconductor 
with increasing hydrogen content indicating a decrease of the critical current. 
The formation of the /? phase accompanied by loss of superconductivity can 
be observed in figure 2d. Obvious is the fragmentation of the superconductor 
in superconducting islands (black) that are now separately subjected to the 
externally applied magnetic field. 

5 Summary 

In conclusion, we presented MO measurements of the local magnetic 
induction B z in Nb superconducting thin films on A- and R-plane sapphire 
substrates. We show by visualizing the changing of the flux penetration 
behavior that one can change the defect structure of the samples by 
increasing the hydrogen content. 

Depending on the sapphire substrate orientation (either A-plane or R- 
plane) qualitatively different structures are observed in the ‘hydrogen free’ 
samples. For the A-plane orientation we find fingering and branching similar 
to what would be expected from large-scale thermo-magnetic avalanches 
[12]. Above ~ 6.2 K these large finger-like shape magnetic flux protrusions 
are absent. For the R-plane orientation, we find that flux penetration takes 
place in a gradual manner and large-scale thermo-magnetic avalanches are 
absent. Only a somewhat irregular ‘flux front’ (borderline between the 
Meissner and the Shubnikov phase) is formed upon increase of the externally 
applied magnetic field. 

Because Nb easily accepts hydrogen atoms as interstitial impurities, even 
from hydrogen gas present in the atmosphere surrounding the sample or 
during evaporation one could expect differences in flux penetration behavior 
depending on hydrogen contamination. We showed that if hydrogen is 
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applied after evaporation, only concentrations above 60 Pa significantly 
change the flux penetration, implying that the flux penetration is actually 
dominated by the defect structure already present in the as-grown films. 
Therefore the differences between flux patterns reported in literature are 
probably mainly caused by differences in defect structure. 

Finally, the possibility to change the disorder in a well-controlled way 
(by hydrogen), allows us to study in a detailed way the influence of disorder 
on roughening phenomena [18,19]. 

Acknowledgements 

We would like to thank Nico Koeman for providing the samples and 
Arndt Remhof for useful discussions. This work was supported by FOM 
(Stichting voor Fundamenteel Onderzoek der Materie), which is financially 
supported by NWO (Nederlandse Organisatie voor Wetenschappelijk 
Onderzoek). We also acknowledge the ESF (European Science Foundation) 
VORTEX Program for support. 



References 

1 C. P. Bean, Rev. Mod. Phys. 36, 31 (1964). 

2 V. Bujok, P. Briill, J. Boneberg, S. Herminghaus, and P. Leiderer, Appl. Phys. Lett. 63, 

412(1993). 

3 T. H. Johansen, M. Baziljevich, D. V. Shantsev, P. E. Goa, Y. M. Galperin, W. N. Kang, 

H. J. Kim, E. M. Choi, M. S. Kim and S. I. Lee, Europhys.Lett. 59, 599 (2002), A. V. 
Bobyl and D. V. Shantsev, T. H. Johansen, W. N. Kang, H. J. Kim, E. M. Choi, and S. I. 
Lee, Appl. Phys. Lett. 80, 4588 (2002). 

4 R. P. Huebener, V.A. Rowe, and R. T. Kampwirth, J. Appl. Phys. 41, 2963 (1970). 

5 R. Aoki and H. U. Habermeier, Jpn. J. Appl. Phys. 26, 1453 (1987). 

6 V. A. Rowe, R. P. Huebener, and R. T. Kampwirth, Phys. Stat. Sol. (a) 4, 513 (1971). 

7 C. A. Duran, P. L. Gammel, R. E. Miller, D. J. Bishop, Phys. Rev. B 52, 75 (1995). 

8 S. S. James, S. B. Field, J. Seigel and H. Shtrikman, Physica C 332, 445 (2000). 

9 R. J. Wijngaarden, K. Heeck, M. Welling, R. Limburg, M. Pannetier, K. van Zetten, V. L. 

G. Roorda, A. R. Voorwinden, Rev. Sci. Instrum. 72, 2661 (2001). 

10 L. A. Dorosinskii, M. V. Indenbom, V. I. Nikitenko, Y. A. Ossipyan, A. A. Polyanskii, V. 

K. Vlasko- Vlasov, Physica C 203, 149 (1992). 

11 M. S. Welling and R. J. Wijngaarden to be published. 

12 I. Aranson, A. Gurevich, V. Vinokur, Phys. Rev. Lett. 87, 067003 (2001). 

13 L. Ya. Vinnikov, O. V. Zharikov, Ch. V. Kopetskii, and V. M. Polovov, Sov. J. Low 

Temp. Phys. 3, 4 (1977). 




222 



14 G. Song, A. Remhof, D. Labergerie, and H. Zabel, Phys. Rev. B 66, 045407 (2002). G. 

Song, A. Remhof, K. Theis-Brohl, and H. Zabel, Phys. Rev. Lett. 79, 5062 (1997). G. 
Song, M. Geitz, A. Abromeit, and H. Zabel, Phys. Rev. B 54, 14093 (1996). 

15 C. P. Herring, J. Phys. F: Metal Phys. 6, 99 (1976). 

16 G. Alefeld and J. Volkl, Hydrogen in Metals II, Topics in applied Physics volume 29, 

Springer Verlag. 

17 J. M. Welter, and F. J. Johnen, Z. Physik B 27, 227 (1977). 

18 R. Surdeanu, R. J. Wijngaarden, E. Visser, J. M. Huijbregtse, J. H. Rector, B. Dam, and 

R. Griessen, Phys. Rev. Lett. 83, 2054 (1999). 

19 M. S. Welling, C. M. Aegerter and R. J. Wijngaarden, Europhys. Lett. 61, 473 (2003). 




FLUX JUMPS IN MAGNESIUM DIBORIDE 



D. V. Shantsev 1 ’ 2 , P. E. Goa 1 , F. L. Barkov 1 ’ 3 , A. V. Bobyl 1 ’ 2 , T. H. Johansen 1 , 
W. N. Kang 4 , S. I. Lee 4 , M. Kiihberger 5 , G. Gritzner 5 , M. Roussel 6 , 
and S. X. Dou 6 

1 Department of Physics, University of Oslo, FOB 1048 Blindem, 0316 Oslo, Norway 

o 

A. F. Ioffe Physico-Technical Institute, Polytekhnicheskaya 26, 194021 St. Petersburg, Russia 

q 

Institute of Solid State Physics, Chernogolovka, Moscow Region, 142432, Russia 
4 National Creative Research Initiative Center for Superconductivity, Department of Physics 
Pohang University of Science and Technology, Pohang 790-784, Republic of Korea 
Institutfiir Chemische Technologie Anorganischer Stoffe, 

Johannes Kepler Universitat, A-4040 Linz, Austria 
^ Institute for Superconducting and Electronical Materials, 

University of Wollongong, Wollongong, Australia 
dansh@fys.uio.no 



Abstract Magneto-optical imaging was used to study flux penetration into MgB 2 films 
in a slowly increasing perpendicular applied field. A variety of flux jumps and 
avalanches have been observed at temperatures below 10 K. At small fields, jumps 
with typical size of 20 pm and regular shape occur at random locations along 
the flux front. Above some threshold field of 2-10 mT, big dendritic jumps with 
dimensions comparable to the sample size (mm scale) take place. The jumps are 
developing extremely fast, result in highly -branching irreproducible flux patterns, 
and effectively suppress the apparent critical current. Both types of jumps are 
believed to result from thermo-magnetic instability. 

Keywords: jumps, avalanches, MgB2, dendritic instability, flux pattern 



1. Introduction 

Magneto-optical (MO) imaging gives a unique possibility to study the dy- 
namical behavior of vortex matter in superconductors because it provides real- 
time visualisation of flux distribution at various spatial scales, from millimeters 
to microns. In this work we report on MO studies of flux penetration in super- 
conducting films in slowly increasing perpendicular applied field. We find that 
the flux motion does not always proceed gradually and smoothly. By contrast, 
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Fig ure 2 '* Dendr itic instability obsc r vcd m agne to-opt Leal ly in van ous MgB 2 fi 1 ms . Left: 3 

thick film with T c = 35 K grown by screen printing on AI 2 O 3 substrate. Right: 0.25 pm thick 
film with T c = 28 K grown by PLD on AI 2 O 3 . 

a small change of the applied field often results in an abrupt and macroscopic 
invasion of flux into the sample, i. e M in a flux jump. 

The flux jumps are believed to have a thermo-magnetic origin. Local heating 
due to flux motion reduces the pinning, and facilitates the further motion, which 
may lead to an avalanche process accompanied by a substantial temperature rise. 
Combination of thermal and magnetic diffusion creates a very rich physical 
picture of this phenomenon, for a review see [1, 2]. One of its most striking 
manifestations is the dendritic instability found in thin film superconductors, 
where magnetic flux can form random highly branching dendritic patterns. Such 
patterns have been found in films of Nb [3-5], YE^CusOt [6-9] (induced 
by a laser pulse), MgB 2 [10-15], and recently in Nb^Sn [16] and NbN [17]. 
Magnesium diboride is probably the material most sensitive to the dendritic 
instability, and it will be the subject of the present paper. We will review 
properties of the flux dendrites, and also explore flux penetration on smaller 
scales, where numerous small jumps, precursors to the dendritic instability, 
take place. 
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Figure 3. MO i mages of dendritic structures and profiles of flux density across their branches. 
Surprisingly, the maximal field at the dendrite core has almost the same value, ^ 10 — 12 mT, 
along one branch, for different branches s and even for dendritic structures formed at different 
applied fields. This value is also close to the flux density at the film edge (curve A), 



2 • Big dendritic jumps 

Most results presented in this work have been obtained on MgBs films fab- 
ricated on AI2O3 substrates using pulsed laser deposition [18]. A 400 nm thick 
film with T c — 39 K shaped as a square was selected for MO studies, A series 
of MO images in increasing field after zero-field-cooling to 3.6 K is shown in 
Fig, 1, The flux dendrites are formed extremely fast, and preliminary stud- 
ies [19] indicate that their propagation speed is of the same order as in YBCO 
films [7, 9], i.e. 10 4 -10 5 m/s. Once formed, they remain frozen, and a sub- 
sequent field increase leads to the invasion of new structures [20], The exact 
pattern of the dendrites cannot be reproduced even if the experiment is repeated 
under the same conditions. When the field is decreased from the maximal value, 
dendritic structures containing antiflux enter the film [10, 11]. The dendritic 
instability is a very general effect for MgB2 films, as illustrated by Fig. 2, where 
similar dendritic patterns are shown for films grown in other labs, by different 
methods, and having different thickness. An important practical consequence 
of the instability is the reduction of the apparent critical current determined 
from magnetization data that can be twice smaller than the real critical current 
found from MO images [II], 

Figure Fig, 3 shows the profiles of flux density across individual dendritic 
branches calculated from MO images. We find that at 3.6 K the field in the 
branch core always has approximately the same value, 10-12 mT. This value 
holds along any individual branch, for different branches of the same struc- 
ture, and even for different structures that entered the film at different applied 
fields. Further analysis of MO images shows that the local flux density is 
smaller than this threshold field everywhere in the film (except for applied 
fields >10 mT) [14J. It gives a key to the understanding of the dendrite forma- 
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Figure 4. MO images of a MgBa fi 1m at 9.6 K for applied fields 1 1 mT (left) and 24 mT (right). 
The dendritic flux structure abruptly entered the film at 11 mT, and subsequent field increase 
resulted in gradual flux penetration from the edges, which eventually covered the dendrite. 



tion mechanism: the instability starts when the local flux density exceeds this 
threshold field, and continues propagation and branching until the field in all 
branches decreases below this threshold value. 

The dendritic instability is found only below 10 K, while for higher tempera- 
tures the flux penetrates in a gradual manner Close to the threshold temperature 
only one highly branching dendritic structure is usually formed, as shown in 
Fig. 4. Subsequent increase of the applied field is accompanied by a conven- 
tional gradual penetration of flux from the edges deeper and deeper into the 
film. The advancing flux eventually meet the dendritic branches and covers 
them. Apparent contrast between the very steep flux profiles in the branches, 
and the smooth profiles in the advancing front is due to non-local current - field 
relation in thin films, as was shown by flux creep simulations [ 15]. 

Another important property of the dendritic instability is that it can be sup- 
pressed by a contact with normal metal [12], This is an indirect proof of its 
thermal mechanism, because normal metal cladding is known to suppress ther- 
mal flux jumping [1, 2]. The thermal mechanism behind dendrite formation is 
also supported by simulations that were able to reproduce dendritic patterns of 
flux [11] and temperature [21]. 

3. Small jumps 

At 4 K the flux penetration into MgB 2 is obviously dominated by an abrupt 
formation of dendritic flux structures. However, zoom-in of MO images pre- 
sented in Fig. 5 shows that some flux penetrates into the film also “between” the 
dendrites. Our next step was to study this shallow penetration along the edges 
that extend on much smaller scales, but also strongly non-uniform. In order 
to get insight into dynamics of flux penetration, we ramped the applied field 
linearly in time with very slow rate and recorded MO images with 0.02 mT step. 
A series of difference images obtained by subtraction of every two subsequent 
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Figure 5 , MO images of a MgBs film at 
different spatial scales. In addition to mm- 
scale dendritic structures, small flux pene- 
tration on 50* 100 ^m scale also takes place 
everywhere along the edges. The applied 
field is J5 mT, T — 3.8 K. 



Figure 6. Top: MO image of a MgB 2 
film, a small area near the edge is shown. 
Below: Images obtained by subtraction of 
subsequent MO images taken with (X02 mT 
step in applied field. White spots indi- 
cate local increase of flux density A B (flux 
jump); gray color corresponds to AB ^ 0. 



MO images is shown in Fig. 6. One can clearly see that the flux density remains 
essentially unchanged (gray color on the image) every where except a local area, 
where it has strongly increased (white spots). This localized increase of flux 
density AB is a small flux jump. A subsequent field increase leads to another 
jump, but now at a different location. Typical size of the jump is 20 /mi, and 
integrating AB over this area will give us the total number flux quanta that 
arrived there. For the two jumps seen on the bottom image of Fig. 6 we find 
1100 and 250 flux quanta, respectively. One can also plot the local flux density 
at some particular point as a function of the applied field [22]. Such a curve 
has frequent steps of a few Gauss magnitude, indicating that small flux jumps 
repeatedly occur at the same place. 

The small jumps normally do not exceed the size of 10,000 flux quanta, while 
most dendritic jumps carry more than one million. The distribution function of 
jump sizes has two clear maxima, and we can speak about two distinct types 
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of flux jumps. At the same time, we find that both types of jumps disappear 
above the same temperature of 10 K, which implies that they have the same 
underlying mechanism. 
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DENDRITIC FLUX INSTABILITIES IN Nb 3 Sn AND 
NbN THIN FILMS 

First Experimental Observations 
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Abstract The penetration of magnetic flux into a thin superconducting film of Nb 3 Sn 
and NbN with critical temperature 17.8 K and 14.5 K respectively were 
visualized using magneto-optical imaging. Below 8 K for Nb 3 Sn and 6 K for 
NbN an avalanche-like flux penetration in form of big and branching dendritic 
structures was observed in response to increasing perpendicular applied field. 
When a growing dendritic branch meets a linear defect in the film, several 
scenarios were observed: the branch can turn and propagate along the defect, 
continue propagation right through it, or “tunnel” along a flux-filled defect 
and continue growth from its other end. The avalanches manifest themselves 
in numerous small and random jumps found in the magnetization curve. 

Key words: low temperature superconductors, magnetic instabilities, magneto-optical 

imaging 



1. Introduction 

The conventional superconductor NbsSn belongs to the family of A15 
materials characterized by a high value of the critical temperature and upper 
critical field, and is therefore widely used for various technological 
applications [1]. One of the central issues is then the material’s stability with 
respect to flux jumps, an avalanche process resulting in a thermal runaway. 
Such a dramatic event occurs because flux motion dissipates heat leading to 
a local temperature rise, which in turn reduces the flux pinning, and thereby 
gives a positive feedback to the process [1-3]. 

229 

T.H. Johansen and D.V. Shantsev ( eds .), Magneto-Optical Imaging, 229 - 235 . 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 




230 



As the critical current density J c in Nb 3 Sn is constantly being improved 
[4], the stability criteria for flux jump, e.g. the critical filament width, need 
to be reconsidered [5,6]. Moreover, there are still open questions related to 
flux jumping in general, namely, that samples often appear more stable 
experimentally than predicted by theories [1]. In investigations of such 
avalanche events, one can benefit significantly by using thin-film samples, 
where one can visualize the development of the instability by monitoring 
spatial distributions of the magnetic flux. In this work we used magneto- 
optical (MO) imaging to study flux penetration in films of Nb 3 Sn, which 
revealed a new type of instability in this material. 

In addition to Nb 3 Sn we present a first observation dendritic-type 
magnetic instability in films of another low-temperature II-type 
superconductor NbN. 



2. Experimental 

Films of Nb 3 Sn and NbN were deposited on 0.5 mm thick sapphire 
substrates using magnetron sputtering [7]. The films had thickness of 
O.l-s-0.3 pm. The critical temperature and the width of the resistive transition 




Figure 1. Magnetic moment of a Nb 3 Sn film at 4.2 K as a function of perpendicular applied 
field. The measurements were made with a vibrating sample magnetometer PARC, with the 
field ramp rate 0.15 mT/s. Zoom-in of a piece of m(H) curve shows that abmpt drops in 
magnetic moment are followed by relatively slow increase. These abrupt drops are related to 
penetration of dendritic flux structures seen on MO images. 
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Figure 2. Magnetic moment of a NbN film at 4.2K as a function of perpendicular applied 
field. The noisy behavior is indicative of local flux instabilities. 



measured by a four-probe method were 17.8±0.1 K and 14.5±0.1 for NbiSn 
and NbN respectively. Critical current densities in Nb 3 Sn as high as 6 
MA/cm 2 were measured at 4.2 K in a magnetic field of 1 T. For fields below 
0.5 T, the critical current density could not be determined accurately, 
pointing to possible instabilities [8]. The presence of flux instabilities 
becomes evident from the magnetization curves (Figs. 1 and 2), showing 
numerous and random jumps. The typical jump amplitude here, Am- 0.1m, 
is much larger than the sensitivity of the measurements, 3xl0' 5 emu. 

The spatial distributions of magnetic flux were visualized using the MO 
imaging technique [9] based on the Faraday effect in ferrite-garnet indicator 
films, see Ref. [10] for more details on the set-up. The sample, with the 
indicator film placed directly on top, was glued to the cold finger of an 
optical cryostat using vacuum grease. 

The samples were initially cooled to liquid helium temperature in zero 
magnetic field. Then, an applied was turned on perpendicular to the film. 



3. Results of MO studies 

Shown in Fig.3 is a MO images of Nb 3 Sn film taken after the magnetic 
field was slowly raised up to 20 mT. Bright and dark regions correspond 
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Figure 3. Magneto -optical image of NbjSn film at 3.5K and applied field 20 mT. The flux 
penetration is dominated by dendritic flux structures that abruptly enter the film. 




Figure 4. Magneto- optical image of NbjSn film at 3.5K in the remanent state after applying 
maximal field of 35 mT. The dark dendritic structure is formed due to abrupt invasion of flux 
with the opposite polarity during the field decrease. 



here to high and low flux densities, respectively. A number of abrupt events 
during the field rise, when the flux enters in the form of branching dendritic 
structures has led to the presented flux distribution (the needle-like 
structures are due to film imperfections). When the field is later decreased, 
new dendrites are formed showing that also the exit of flux from the film 
takes place via dendritic avalanches, see Fig. 4. A similar type of dendritic 
penetration of magnetic flux was observed in NbN films too, see Fig. 5. This 
contrasts the conventional scenario of flux penetration where a smooth flux 
front is gradually advancing in from the edges [9]. As the applied field 
increases, many new flux dendrites are abruptly formed, and eventually 
cover most of the sample area, as seen in Fig.5(d). 
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Figure 5. MO images of the flux distribution in a NbN film at 3.7 K for increasing magnetic 
field of 1 ,4 (a), 2.3 (b), 3.0 (c), and 3,6 mT (d). 



The observed behaviour is similar to the dendritic instability found 
earlier in films of a few other superconducting materials: Nb [11-131 
YBajCusOi.jt (when triggered by a laser pulse) [14,15], and the recently 
discovered MgEF [16-18]. The common features are that the dendrites are 
formed at seemingly random places along the edge, from where they 
develop extremely fast {less than 1 ms), and remain afterwards "frozen", 
i.e., the grown dendritic structure is not affected by the subsequent field 
increase. Furthermore, when new dendrites propagate, they tend to avoid the 
already existing ones. When the experiment is repeated at higher 
temperatures, the number of the dendritic structures goes down, and we find 
in NbiSn that they disappear completely above 8 K. 

It is clear now that the dendritic flux avalanches are responsible for the 
small random jumps in magnetizations seen in Fig.l and 2. Remarkably, the 
field when the first dendrite is formed, 8.5 mT, is in a very good agreement 
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with the field of the first jump on the virgin branch of m(H) (Fig.l) The 
critical current density determined from such m(H) curve appears 
significantly reduced compared to its “true” value. The reduction can be as 
high as 50% as shown by detailed analysis for MgB 2 films [16], where 
similar noisy magnetization curves have been measured in a wide range of T 
and H [19]. The dendritic avalanches can also be induced by pulses of 
transport current [17], which threatens high-current applications. The 
thermo-magnetic origin of the dendritic instability is supported both by 
experiments [18] and computer simulations [20,16]. A specific feature of 
our MbSn sample is the presence of linear defects which serve as channels 
of easy flux penetration, see Fig.3. These straight bright lines in the MO 
images represent regions of suppressed superconductivity, and are probably 
related to defects in the substrate created by imperfect polishing. Normally, 
we find that the flux penetration into these defects proceeds gradually. 
However, this gradual penetration is sometimes disturbed by an abrupt 
invasion of a dendrite. Conversely, also the propagation of the dendrite then 
becomes perturbed by the defect, and this interesting interplay is discussed 
in Ref. [21]. 

There are two types of behavior when the dendritic branches reach the 
defect, it may terminate their propagation at the defect, and pump it with 
flux, or simply run it over. At the same time defects can serve to mediate the 
propagation of this long dendritic branch. 



4. Summary 

Macroscopic dendritic flux avalanches were found in NbsSn and NbN 
films subjected to a varying applied field. These avalanches destroy the 
critical state and can be a threat for applications using this material. We also 
demonstrate that when a growing flux dendrite meets a flux-free linear 
defect, it tends to propagate along the defect. If the defect is already filled 
with flux, the dendrite can cross the defect or "tunnel" through it and 
continue growth at the other end. 
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Abstract The thermo-magnetic instability seen in MgB 2 films seems to be a common 
phenomenon of metallic superconducting films. By means of a quantitative 
magneto optical analysis, we study the electrodynamics of MgB 2 films at low 
temperatures, when the flux instabilities occur. Small vortex-bundle jumps 
develop into “gigantic” dendritic patterns, which block the critical current path 
trough the vortex-penetrated part of the sample. We address the role of the 
Meissner current distribution in dendrites formation and we show how high 
critical currents develop outside dendrites. 

Key words: quantitative magneto-optics; superconducting films; thermo-magnetic instability 



1. Introduction 

The recent observation of dendritic flux pattern [1] into MgB 2 
superconducting thin films has renewed interest into thermo-magnetic 
instability study. The occurrence of the vortex dendrites seems to be a 
common phenomenon of disordered metallic superconductors [2-4]. At the 
origin of this avalanche behavior, it is believed to be the difference between 
the magnetic and thermal diffusion into the material at low temperature, i.e., 
the vortices can diffuse so fast to locally heat the sample [1,5]. In those 
works, it was already addressed the role of the thin film geometry, which 
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enhances in positive feedback the dendrite avalanche formation due to the 
Meissner current flowing into the whole superconducting volume. At the 
moment, it is not clear if either a vortex liquid phase or a true normal state 
are present into the dendrite core location, then it is still unknown if the 
vortices inside and around dendrites are in a pinned state or not. In order to 
address these issues, we studied an MgB 2 thin film by quantitative magneto- 
optics [6,7]. The reconstruction of the current density distribution by the 
inversion of the Biot-Savart law reveals the local critical current value into 
the dendrite region. Moreover, we show how dendrites disrupt the 
supercurrent flow pattern and how dendrite branching develops from the 
small initial flux jumps [8]. 



2. Experimental details 

The MgB 2 thin film was prepared by Pulsed Laser Deposition using a 
two step method[9]. An amorphous precursor layer is deposited on MgO 
(111) substrate at room temperature, and after an ex-situ annealing process, 
in Mg atmosphere, allows to obtain good crystallites into the film. The 
sample here studied has T c ~32 K, good c-axis orientation of the grains and 
thickness of 80 nm. The magneto-optical measurements were carried out at 
low temperatures (about 4.2 K and 10 K), starting from the zero-field 
cooling state and sweeping up the external magnetic field with steps of 15 
Oe (field value set up > 2 kG s' 1 , value kept fixed for 3 s before the snapshot 
is acquired). The reconstruction of current density distribution, by the 
inversion of the Biot-Savart law [6], is pursued with an iterative procedure 
because the magneto-optical measurements contain a spurious local 
modulation of the light intensity coming from the in-plane field effect. 
Namely, the in-plane magnetic field, induced by the sample at its surfaces, 
strongly couples with the indicator [10] and thus it locally reduces the 
sensitivity to the external, out-of-plane (B z ), magnetic field component. In 
fact, the iterative procedure has to evaluate the in-plane magnetic field 
distribution to correct the measured B z data [7,11]. 



3. Dendritic flux pattern and local supercurrents 

Dendritic patterns show up as abrupt flux avalanches, which are 
separated from the critically-organized flux profile and are deeply extended 
toward the central Meissner area of the sample. Above a certain temperature 
threshold [8] (in our sample over 8 K), ‘conventional’ flux penetration 
occurs, i.e., the vortices form magnetic field gradient arranged to respect the 
geometrical constraints imposed by the sample shape. The comparison 
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Figure I. Up-row T - 4.55 K, bottom-row T = 10.05 K. The external magnetic field sequence 
hereshownis 17.2,31.8,46.4,61.1,75.7, 148.9 Oe. 




Figure 2. Differences between the B z maps at 4.55 K (images of the first row in figure 2). 

between the dendritic pattern and the gradual vortex penetration at 10 K is 
presented in the figure L In addition to the large nucleation velocity, another 
hint of the instability nature of dendrites is the irreproducibility of their exact 
fractal structure, which stays frozen upon the increasing number of vortices 
into the sample (see the differences between B z maps at subsequent applied 
fields, shown in figure 2 ). 




Figure 3, Current density distribution, zoom into the bottom- left quadrant of the sample, the 

first three frames are shown. 



The current density reconstruction reveals that dendrite cores indeed 
disrupt the supercurrents path, see figure 3, There is a current density 
depression inside the dendrite cores that starts from the initial 'bubble' form 







Figure 4 . Comparison between B z (top) and |J| (bottom) distributions at 4.55 K and 10.05 K 



position (pm) 



Figure 5, B r and [J| profiles across the yellow line in figure 5 
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of the instability [8], as visible on the sample edge in the first picture in fig. 
3, where rounded high current regions (bright) enclose dark spots. 
Current patterns of the same size and shape are also found into gigantic 
dendrite cores, i.e., the current density map reveals a non-homogeneous 
distribution inside dendrites. 

A close-view comparison between B z and |J|, with and without the 
instability, is presented in figure 4. The suppression of the current density 
can be quantified by line profiles, as in figure 5. Note that vortices diffused 
from dendrites form a strong pinning domain with decreasing critical current 
towards the dendrite core, maybe due to the temperature gradient present 
inside the dendrite or to the increasing vortex density. The inhomogeneity of 
the current density distribution and its not zero value at the dendrite core are 
signatures of the superconducting state inside dendrites. In any case, the 
current density inside dendrite cores is lower than the surrounding screening 
currents, while the initial value of the critical current, where vortices are 
pinned near the dendrite, has the same value of the critical current in the 
smooth part of the penetrating flux front. 

The irregular pattern still present at 10 K is an indicator of sample 
granularity. In particular, this ‘fan-shape’ structure of the flux front, 
characteristic of the MgB 2 film [12,13], is due to an high density of micro- 
voids because, in the film geometry 11 , the Meissner current flows in the 
entire sample volume and interacts with defects greater than the actual 
London penetration depth [14,15]. Some of the largest voids can be 
distinguished into the current density maps as dark locations. These regions, 
we believe, trigger the new branching from existing dendrites, 
notwithstanding the chaotic path the dendrite branch will take. The 
correspondence of the void location can be found in the bottom part of fig. 4. 



4. Conclusions 

We found that high critical currents in MgB 2 thin films, at low temperature, 
are generally limited by dendritic patterns. It turns out that the local 
microscopic supercurrent shows signature of strong pinning (J-1.4 10 11 Am' 2 
at T = 4.55K), but the net magnetic moment is dramatically reduced by 
dendrite areas. Moreover, inhomogeneous current density distribution inside 
dendrite cores is believed to be a signature of the interaction between 
superconducting properties and structural disorder into dendritic flux pattern. 
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Abstract The preparation of high-quality surfaces of high-7 c superconductors for 
magneto-optic (MO) imaging is discussed in detail. Especially on bulk and 
granular high-T c superconductors, the surface polishing is essential to obtain 
clear and sharp MO images, yielding the highest magnetic resolution. The 
most important aspect of the surface preparation is that the superconducting 
properties of the samples are fully conserved, which is not of importance for a 
regular microstructural investigation. Here, we present several polishing 
techniques, and explain the basic requirements in order to achieve well 
prepared sample surfaces of the otherwise quite brittle, ceramic high-7 c 
superconductors. 

Key words: Surface polishing, magneto-optic imaging, granular superconductors 



1. Introduction 

For MO imaging, the surfaces of the samples to be investigated have to 
be mechanically polished. On a rough surface, the magneto-optical layer will 
not lay in close contact with the surface, so the distance between MO layer 
and the superconductor is undefined. So, a good surface finish is essential to 
obtain clear and sharp MO images [1]. Another prerequiste for MO imaging 
is that superconductivity must be conserved during the surface preparation 
steps; an item, for which the standard metallographic preparation of sample 
surfaces for microstructural investigations do not have to care at all [2], 
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Common techniques like embedding in resins have to be excluded for MO 
imaging, as these resins cannot be cooled down to the required temperatures. 
Furthermore, the sensitivity of the MO imaging technique to surface 
preparation is shared in by another important technique, the electron 
backscatter diffraction (EBSD), which is operated in a scanning electron 
microscope [3]. For these reasons, the mechanical polishing of 
superconductor surfaces, and here especially the surface preparation for 
high-Tc superconductors which are of ceramic nature, can be a delicate task. 

In this contribution, we present several different routes to obtain high- 
quality surface finish and discuss the arising problems in detail. 



2. Results and discussion 

The first MO experiments on high-'/) superconductors in 1988/89 were 
hampered by the then unknown surface sensitivity of the polycrystalline 
YBCO samples [4,5]. The mechanical polishing required was performed 
using diamond paste and the obligatory polishing lubricants. In the first 
grinding steps, water was used as a lubricant. Therefore, the first successful 
MO runs used either single crystals (where no polishing was required) or, 
shortly afterwards, densely packed polycrystalline YBCO samples [4,5]. 
From these first experiments, it became clear that an own dedicated 
polishing procedure is required for MO imaging. 

As a basis for the development of such a polishing technique, the 
METALOG guide of STRUERS [6] can serve very well. From this, it is 
clear that the polishing technique to be employed depends strongly on the 
hardness of the given material. The polycrystalline high-T c materials are 
often quite weak, very dense polycrystalline samples and melt-textured 
samples have an intermediate hardness. Metallic superconductors are often 
very hard materials (Nb, NbTi, Nb 3 Sn). For some high-7) superconductors, 
metallographic polishing recipes are given in literature [7,8], which may also 
serve as starting point. Furthermore, special care has to be paid to the 
damage the lubricants may cause. 

Therefore, the initial grinding is mostly performed completely dry; e.g. 
no water is allowed - as a lubricant, only ethanol can be used. Typically, on 
high-r c superconductors, one starts with polishing paper 1000 mesh and 
continues down to 4000 mesh. Then, the surface finish is created by 
polishing using diamond paste (9 to 0.05 /rm), and ethanol as lubricant. As 
an alternative, dry polishing on polishing papers by 3M [9] with grain sizes 
between 9 and 0.05 fit n can be employed. Ethanol is used for cleaning the 
samples between the polishing steps. This procedure is avoiding manyfold 
problems which arise in the semi-wet polishing technique, and is therefore 
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recommended for first tests, when the behaviour of the samples is a priori 
unknown. 

A final polishing step using colloidal silica solution (STRUERS OP-S) 
was found to be very effective. This polishing solution has a mean grain size 
of 40 nm; allowing to polish samples even for AFM investigations. The 
performance of OP-S can furthermore be increased by chemical etchants 
(e.g. H 3 P0 4 for YBCO). However, a cleaning in an ethanol/actone bath and 
eventually using an ultrasonic bath is necessary to remove the rests of the 
colloidal silica solution from the sample. 



step 


i 


2 


3 


4 


5 


material 


paper 


paper 


paper 


Diaduo 


Diaduo 


Grain size 


#1200 


#2400 


#4000 


3 /rm 


1 jam 


Speed (rpm) 


100 


100 


100 


100 


100 


lubricant 


ethanol 


ethanol 


ethanol 


- 




pressure 


manual 


manual 


manual 


manual 


manual 


time 


until plan 


2 min 


2 min 


5-8 min 


5-8 min 



Table 1. Summary of the required polishing steps. Only ethanol is used as lubricant. Diaduo 
indicates a solution of Struers, consisting of polishing diamonds and lubricant. 

By means of these treatments as summarized in Table 1, many magneto- 
optic images of high-T c superconductors confirmed that the 
superconductivity of the samples is fully conserved. Furthermore, using the 
same polishing procedure, we successfully obtained EBSD Kikuchi patterns 
on a variety of high-T c superconductors [10], enabling the direct EBSD 
analysis. 

The Ag-sheathed Bi-2223 tapes are a special case. In principle, MO 
maging is possible with the Ag-sheathing left intact. This may be needed in 
some experiments, where the tape is afterwards used in a different 
experiment. However, if this is not the case, a polished surface is preferred. 
Here, it is mot suitable to start with the initial grinding at 2400 paper, so that 
the Ag-sheathing is removed only slowly, enabling to obtain a flat Ag 
surface. In case the Bi-2223 filaments should be exposed, the grinding is 
continued until the individual filaments can be seen. For some MO 
experiments [11], we polished cross sections ("standard" and longitudinal 
cross sections) using special sample holders, where the sample could be 
glued in by means of CCC [12]. 

The most challenging task is the polishing of individual extracted 
filaments. For the extraction, we used the chemical etching method as 
described by Cai et al. [13]. The filaments were then grinded (#4000 paper) 
and polished using OP-S solution; see fig. 1. The rotation speed of the 
polishing disk is reduced to 40/80 rpm for grinding and polishing. 
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Figure L (a) shows an EBSD-Kikuchi pattern obtained from orthorhombic YBCO, (b) 
presents an optical image of a polished extracted Bi-2223 filament from a silver-sheathed 
tape, (c) is an AFM image of grains in this tape - note the scale bar of the absolute height in 
the image which ranges between 0 and 56 nm. (d) presents an MO image of a polished Bi- 
2212 melt-processed sample, and (e) shows an SEM image of a (Sr,Ca) 2 CuO y particle 
embedded in the Bi-2212 matrix. 

In summary, MO imaging represents an unique tool to study the 
properties of granular superconductors in great detail. The MO results can 
easily be linked with other data e*g. obtained from SEM (EBSD), thus 
enabling a complete picture to be formed* 
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Abstract Some remarks are made on how to determine by magneto-optical imaging the 
electric currents flowing in a superconductor. The inversion problem is discussed 
how to compute these currents from the magnetic field measured in a planar 
magneto-optical indicator film positioned close to the conductor. Next, some 
geometries are listed for which the currents and magnetic fields can be computed 
from first principles for given constitutive laws of the superconductor. Finally, 
an example is given how novel current loops appear in a thin flat superconductor 
during the application of a large dc field and weak in-plane ac field that causes 
the critical currents to relax anisotropically. 

Keywords: magneto-optics, superconductors, critical currents, magnetic inversion problem, 

magnetic relaxation 



1. Magneto-Optics and Superconductors 

Magneto-optical imaging (MOI) is applied to superconducting specimens 
mainly to measure the penetration or exit of magnetic flux and to determine 
the electric currents flowing in the superconductor. The history of this fas- 
cinating and very useful experimental technique is presented in the talk by 
Habermeier [1] in this conference proceedings, and numerous applications are 
explained in other contributions in this volume. Here I shall make some remarks 
relating magneto-optics and theory for the typical arrangement where a thin flat 
magneto-optical indicator is placed above the surface of a superconductor to 
which a magnetic field and/or electric current is applied. 

a) To obtain quantitative data that may serve as input into a computer program, 
one has to know the relation between the light intensity arriving at the detector 
(after passing the indicator and reflector and other optics) and the magnetic field 
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in the indicator. Many factors may influence this relation, e.g., the magnetic 
stray field of the video camera. 

b) To achieve high spatial resolution of the magnetic field and current density 
inside the flat superconductor, the indicator film has to be as close as possible 
to the specimen surface and has to be thin. 

c) Usually one is interested in the magnetic field component H z (x, y ) per- 
pendicular to the indicator plane (x, y), which may have both signs, while the 
light intensity originally depends only on the magnitude \H Z \. Special tricks 
(e.g. differential or modulation methods) are required to determine the sign of 
H z . 

d) Above superconductors with circulating screening currents, there is not 
only a H z component, but the in-plane components H x and H y can be of the 
same order or even larger than H z . For example, in the fully screening Meissner 
state, the magnetic field at the surface of the superconductor is exactly parallel 
to this surface everywhere, even when the applied field is oriented perpendicular 
to a flat specimen: The magnetic field lines go around the superconductor like 
the stream lines of an ideal fluid flowing around an obstacle. 

e) One has to be sure that the magnetic field in the indicator is caused only 
by the currents in the superconductor and by the applied field. In (ferro-, para-, 
dia-) magnetic materials an additional magnetic field is caused by the magnetic 
moments of the atoms or electron spins. 

f) To compute the current distribution that causes the magnetic field measured 
outside the conductors by MOI or by SQUIDs or other sensors, one tacitly 
assumes that the relation between the current density j (x, y , z) and the magnetic 
field H(x, y, z) is unique. However, this is not true in general. Though j 
uniquely determines the H that it generates, the knowledge of H even in the 
entire space outside the conductor, in general does not allow to obtain the j 
that generates this H. For example, the magnetic field outside a straight round 
wire carrying a current I is H = (pi j{2Txr), irrespective of how the current 
is distributed inside the wire: A hollow tube and full wire generate the same 
magnetic field. Therefore, additional assumptions on j(x, y, z) are required. 

g) Typically it is assumed that the current density j(x, y, z) inside a thin flat 
superconductor does not depend on 2 , or has some profile along z known from 
theory, see below. In the Meissner state one has j oc cosh (z/ A) if z = 0 
is the mid-plane of the flat specimen. In the Bean critical state of type-II 
superconductors with pinned magnetic vortices, the z-profile is known from the 
critical-state assumption “either |j| = j c or j = 0” (j c = critical current density) 
and the geometric conditions that j flows in the specimen plane ( j z = 0) and is 
symmetric, j(x, y, —z) — j(x, y, z)\ thus, j has to flow in two surface layers of 
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thickness (1/2 ){J/j c ) where 

/•d/2 

J {x,y) = / j (x,y,z)dz (1) 

J-d/2 

is the sheet current in a flat specimen, with thickness d. 

h) In typical experiments it may be assumed that MOI determines the sheet 
current J(x, y), Eq. (1), i.e., with good accuracy the measured H z (x, y) in the 
indicator is practically independent of the profile j(z). 

2. The Inversion Problem: Two Methods 

The field H(r) generated by the current density j (r) = V x H in a conductor 
with volume V is given by the Biot-Savart law [2, 3] 

H ( r ) = [ j(r') x J— ^ d 3 r . (2) 

Air Jv |r — r 

One has the strict law V • j = 0. The field outside thin flat superconductors 
is determined by the sheet current J (x,y), Eq. (1), except very close to the 
surface at distances <C d. From V • J = 0 follows that the two components of 
3(x, y) — ( J x ■ Jy) may be expressed by a scalar function g(x, y), which has 
the meaning of a local magnetization, 

J(x,y) = V x \g(x,y) z] = ( dg/dy , -dg/dx) (3) 

The linear relation between g(x, y) and the component H z (x, y, zq) in the in- 
dicator plane z = zo reads 

H z ( r) = [ Q(r,r')g(r')d 2 r' (4) 

Ja 

with the integral kernel <5(r, r') = Q(x, y, x 1 , y') following from Eq. (2). On 
a spatial grid rj = (x{, yi) (i = 1 . . . N) the integrand (4) may be expressed as 
a matrix multiplication, 

H z {Yi) = Q( r ii r j) fffa) , (5) 

3 

or short, Hi = Qijgj. In principle, the solution gi — > g(x, y) — > J(x, y) may 
be obtained by inverting the matrix Qij to give a new matrix Q” 1 that allows 
to obtain the solution by a simple matrix multiplication, 9i = Qi/Hj. This 
inversion is indeed possible and yields accurate results. But the direct inversion 
of an N x IV matrix takes a computation time tcpu oc N 3 -, e.g., for a pixel 
number of N = 4000 one has tcpu ~ 100 sec on a fast Personal Computer 
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with a 3 GHz Pentium. For much larger N, i.e., higher spatial resolution, the 
computation time and required data storage becomes prohibitively large. 

Fortunately, Wijngaarden et al. [3] have conceived an algorithm (and dis- 
tribute a computer code) that accelerates the inversion of this particular matrix 
and the computation of the exact solution g{x, y ) and of the sheet current J(x, y) 
(3) in much shorter computation time tcpu oc N In N comparable to the time 
required by Fast Fourier Transform (FFT) methods. As explained in the ex- 
cellent work [3], this direct matrix inversion scheme has numerous advantages 
over the FFT methods. I shall discuss this now; for more details see [3]. 

The solution of the inversion problem by Fourier transformation is quite 
obvious, since the integral (4) when expressed by the Fourier transforms H z (k), 
Q(k), and g{k) of H z ( r), Q( r — r'), and g(r) takes the simple form of a 
product, H z ( k) = Q(k)^(k). This is so since Q( r, r') depends only on the 
difference r — r' and the integral (4) is thus a convolution. The inversion now 
becomes trivial, 

g(k) = H g (k)/Q(k). (6) 

However, this “trivial and fast” Fourier method has several drawbacks. First, 
to obtain the Fourier transform H z { k), one should know H z (x, y) in the entire 
infinite (x, y) plane, at least in principle. In practice it is often sufficient to 
measure H z ( x, y) by MOI in an area extending outside the specimen area by 
about 100% in all directions. This cutoff may cause artifacts. It works well when 
testing it by reproducing the current stream-lines in a rectangular plate in the 
Bean critical state (concentric rectangles). However, in another simple example, 
the ideal Meissner state where H z (x, y) = 0 above the entire superconductor, 
the Fourier method has to take all its data II z (x. y) from outside the specimen 
area and is thus not very accurate. In contrast, the matrix inversion method 
works well even in this case, where the input H(x, y) is zero everywhere. 
The matrix inversion in this Meissner case calculates the non-trivial current 
distribution J(x, y) (see top in Fig. 1) that generates a magnetic field which 
exactly compensates the applied magnetic field H a inside the superconductor; 
thus the input is actually this //„ . 

Another drawback of FFT methods is that for large k vectors one has Q (k) — * 
0, which leads to enhanced high-frequency noise in Eq. (6). In addition, for 
those spatial frequencies for which Q(k) = 0, <?(k) cannot be obtained. Fur- 
thermore, edge effects may give rise to spurious Fourier components, and finally, 
the deconvolution (6) is frustrated by a loss of information. All these drawbacks 
are discussed by Wijngaarden et al. [3] in detail. 

The direct methods based on matrix inversion do not have these drawbacks. 
They yield g(x, y) and J(x, y) on the same grid (x t , yi) on which B(x, y) is 
measured by MOI. The fast method (3] uses a combination of the Conjugate 
Gradient Method and FFT to invert the matrix Qij. The particular structure of 
Qij (whose lines look all similar, being shifted by one element in adjacent lines) 
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is exploited to reduce both the memory required for storing this matrix, and the 
computation time tcpu ■ This is now of the same order tcpu oc NlnN as 
the time required by FFT methods. This optimized direct method thus allows 
to compute the current distribution J(x,y) from MOI of H z (x,y) with high 
resolution of up to 1 Megapixels or more. 

3. First Principle Calculation of j and B 

If a complete set of equations were known, the current density j (x, y,z) 
and magnetic field H(x, y, z) or induction B(x, y, z) in and around a type-II 
superconductor with magnetic vortices in principle could be computed for any 
given experimental setup. In practice, so far such computations are possible 
only for one- and two-dimensional (2D) problems, with a few exceptions where 
the “three-dimensionality” is a small perturbation, see Sec. 5. The reason for 
this restriction is not so much the large numerical effort required, but more 
basically, the equations to be solved are not known for the general 3D situation. 
In particular, when the local j is not perpendicular to the local B, the equations 
governing the vortex motion and thus the time-dependences of j and B are 
not known. Obviously, the component of j parallel to B, i.e. parallel to the 
vortex lines, does not exert a Lorentz force on the vortices and thus, naively 
arguing, could be arbitrarily large, whereas the perpendicular component exerts 
a Lorentz force density B x j that moves the vortices if j exceeds the critical 
current density j c . More detailed considerations reveal that the longitudinal 
current may cause helical instability of the vortex lines [4, 5]; these helices will 
then inflate and cause the vortices to cut each other and the specimen surface. 

In many situations it suffices to calculate the fields within the continuum 
approximation, which averages the magnetic field of individual vortices over a 
few vortex spacings. The local induction B(x, y, z) then describes the vortex 
density n — B/<f> o, and j(x, y, z) is the current density averaged over several 
vortices. Here one assumes that each vortex carries one quantum of magnetic 
flux $> 0 = hf( 2e) = 2.07 • 10 -15 Tm 2 . A subtle detail of this approximation 
is that actually the Lorentz force on a vortex line is given by the current den- 
sity at the position of the vortex core and not by the average j. This fact is 
related to the difference between B and H : actually the Lorentz force density 
is yoH x j, which is slightly different from B x j since in general B / po H 
in superconductors. This problem is discussed in [6], where a recipe and cal- 
culations are presented for the case when the reversible magnetization curve 
H(B ) = dF/dB ( F = free energy density) is nontrivial; e.g., at and below 
the lower critical field H c \ one has I? = 0, while for H > 2H C \ a good ap- 
proximation is B = yoH [7], valid also in vacuum. The difference between 
po H and B causes a so called “geometrical barrier” for the penetration of 
perpendicular magnetic flux into superconductor platelets or films of constant 
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thickness [6, 8, 9] . I list here several of the existing first-principle calculations in 
type-II superconductors performed within continuum theory using the Maxwell 
equations in the “eddy current” approximation where the electric displacement 
currents are disregarded, thus <9B jdt = — V x E. Since V • B = 0 one may 
introduce the vector potential A satisfying V x A = B and V • A = 0. 

In each problem the electromagnetic behavior of the superconducting mate- 
rial is described by constitutive laws. Apart from B = //()H I shall use the local 
electric field E = E(j, B), which is generated by the motion of vortices with 
velocity v, E = v x B. In the isotropic case one may also write E = p(j, B) j 
where p is the isotropic resistivity, which may depend on B, e.g., p oc B for free 
flux flow. A p depending on j (nonlinear resistivity) may describe flux creep 
and thermally activated vortex motion, which is well described by the model 

E = p(j, B) j, p(j, B) = po | j/j c (B) I"" 1 , (7) 

thus E oc j n is a power law. If the “creep exponent” is n = 1, one is back at the 
linear (ohmic, constant) resistivity, and for large n » 1 this voltage-current 
law leads to the critical state model: For j < j c the vortices are pinned and 
do not move, thus E = 0, and for j > j c the large exponent causes large E 
and thus large velocity of the vortices, which then rearrange quickly so that the 
resulting current density falls back to j c everywhere where flux has penetrated 
(only in the virgin state can one have regions where j — 0 and B ^ 0). The 
Bean model assumes that j c does not depend on B. 

Another often considered constitutive law is the linear, complex, and disper- 
sive resistivity p{ui) = p' + ip" (lo/2it = frequency), which may be caused by 
the combined action of viscous drag forces and elastic pinning forces acting on 
the vortices. A particular case is the Meissner state, which is formally described 
by an imaginary resistivity p = iuipoX 2 where A is the magnetic penetration 
depth, entering also in [10, 11]. 

4. Various Geometries 

While a few problems have been solved analytically, e.g., the Bean critical 
state in thin circular disks [12], strips [13], and elliptic platelets [14], and 
many problems in longitudinal geometry (where demagnetization effects do 
not occur), most calculations of j and B require numerics, in particular when 
demagnetization effects occur. The prominent feature of such a problem is its 
geometry, i.e., the size and shape of the superconductor and the orientation of the 
applied magnetic field and/or the arrangement of current contacts. Typically, for 
different geometries the equations and the numerics are quite different, but most 
of my own numerical methods have one common feature: From the Maxwell 
equations plus boundary conditions and constitutive laws I derive an equation 
of motion for the current density that equates dj /dt to some integral over j 
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and may be easily integrated over time, starting with j = 0, see [11] for an 
overview. The advantage of this method is that the applied external field and/or 
current explicitly enter this equation of motion and do not enter via separate 
boundary conditions. In thin and thick long strips and circular disks, the current 
density and vector potential have only one component, and the induction law 
takes the simple form E = —dA/dt. In thin platelets or films of rectangular or 
other shape, the sheet current J has two components, which both follow from 
the scalar function g(x, y), see Eq. (3). Thus, for this geometry one requires an 
equation of motion for g(x, y, t ) [11, 15]. 

The electromagnetic behavior of superconducting thin strips [16] and disks 
[17] was computed from ID equations of motion for j(x) or j(r), and analytic 
approximate formulae were given. Thin rings were computed by the same 
program [18, 19], and for large exponents n an exact analytical solution for 
flux creep in thin strips and disks was shown [20] to reproduce the numerical 
results. The flux pattern and overcritical currents observed by MOI in disks 
with irradiation-enhanced pinning near the edge, was explained by these ID 
computations [21]. 

Next, the 2D extension of these two problems to thick strips [22] and thick 
disks (short cylinders) [23] was achieved. The published examples consider 
rectangular cross-section (constant thickness) of these strips and disks, but the 
modification to varying thickness (including spheres and ellipsoids) is obvious. 
In [24] the universality of magnetic creep in thick strips and disk was shown. An 
extension of [17] to nonuniform applied magnetic fields computes the hysteretic 
levitation force exerted on a short cylinder by the field of a cylindrical permanent 
magnet [25]. Thick strips and disks with nontrivial H (B) are considered in [7]. 

Another 2D problem considers thin flat non-circular plates or films, e.g., 
with rectangular shape [15]. These computations of g(x,y ) are particularly 
useful for comparison with MOI data in isotropic [26] and anisotropic [27] 
superconductors. One example is shown in Fig. 1. 

5. Vortex Shaking Causes Current Loops 

An interesting example where a novel pattern of current loops can occur in an 
otherwise spatially uniform situation, is when a superconductor platelet (width 
2 w) is put into a sufficiently large perpendicular dc magnetic field to reach the 
fully penetrated critical state, and at the same time a weak ac magnetic field 
H a > H p = (j c d/n) ln(2evj/d) [22, 23] is applied perpendicular to the dc 
field, i.e., in the plane of the platelet. This ac field H ac tilts the vortex lines 
periodically and causes depinning if its amplitude is not too small, H ac > j c d / 2 
where d is the thickness of the platelet. This “vortex shaking” effect observed 
e.g. in [28], was explained recently for long thin strips with ac fields oriented 
transverse [29] and longitudinal [30] to the screening currents flowing along 
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the strip. It leads to “vortex walking” and to the relaxation of the critical 
currents and thus of the magnetic moment of the superconductor. For transverse 
shaking this relaxation is exponential in time, while for longitudinal shaking the 
relaxation is slower and described by a stretched exponential. The mechanism 
of longitudinal shaking is particularly intricate, since the periodic vortex tilting 
is not planar but 3D, see figures in [30]. 

When the superconductor is a rectangular platelet, the screening currents 
initially flow on rectangular paths, Fig. 1. Therefore, an ac field along one 
of the sides of the rectangles causes one component of the screening currents 
to relax more rapidly than the other component, e.g., J y (x,y) relaxes faster 
than J x (x,y) when H ac is along x [31]. This anisotropic relaxation on first 
sight appears paradox, since current conservation requires that the total sheet 
current crossing any line that starts at the center of the rectangle (where J x = 
J y — 0) is independent of the orientation of this line. Thus the total J x and 
J y have to be equal at all times t. However, when the anisotropic electric field 
E( J x , J y ) resulting from the “vortex walking” is inserted into the numerics for 
rectangular plates, one obtains that during the shaking-caused relaxation there 
appear current loops near the edges of the rectangle, see Fig. 1 , while the central 
part of the rectangle becomes practically free of current. These current loops 
generate maxima and minima in the magnetic field, which should be observable 
by MOI. 
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current stream lines contour lines of H (x,y) 




Figure 1. Current stream lines (left) and contours of the magnetic field (right) for a rectangular 
plate with side ratio 3 (width 2 w, length 6w). The time t increases from top to bottom, t = 0, 
0.3, 0.7, 2, 3.5, 5, 6.5 in reduced units [29, 30, 31], and the magnetic moment is M(t) — 0, 0.68, 
0.97, 1, 0.062, 0.0039, 0.00027 in units of the saturation value M( 2). At t=0 a perpendicular 
magnetic dc field H a is switched on and ramped linearly with rate j c w till full penetration of 
flux is reached at t = 2, where H a = 2 j c w. At t > 2, H a is kept constant and a weak in-plane 
ac magnetic field H ac is applied along the short side (vertically in this plot), which causes the 
critical screening currents and M to relax and current loops to appear. At t > 2 the time unit is 
ti = wjc/{uH a c ) > u; -1 . 
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Abstract In this paper, we expose the key features of an algorithm based on the DFT (Dis- 
crete Fourier Transform) that permits one to invert the Biot-Savart law without 
artifacts although the number of data is finite. 

Keywords: Finite cosine and sine transforms, DCT, DST (Discrete Cosine and Sine Trans- 

forms), components, change of base 



1. Introduction 

The principle of the magneto-optical imaging and examples of experimental 
setups can be found in other contributions. We therefore focus on the inversion 
of the Biot-Savart law. This problem can be tackled by Fourier analysis (in 
fact, a clever mixing of theorems in continuous space with results in discrete 
space) or by solving a large system of linear equations. Wijngaarden et al [1] 
have shown the drawbacks of the first method and they [2] have developed an 
algorithm to solve the linear system for which the calculation time is of the same 
order as the one of the Fourier method. In this paper, we expose the principles 
of a Fourier-like method which takes the finite number of data consistently into 
account. In section 2, we recall the Biot-Savart law and the Fourier-analysis as 
used by Jooss et al [3]. In section 3, we treat the case of continuous data in a 
compact, say [0, 7r]. The finite cosine and sine transforms are bijections from 
L 2 ([0, 7r]) onto £2 so that the only error will come from the fact that the series 
have to be truncated. Although we are mainly interested in the discrete case, we 
present the continuous one for didactic reasons (it is a good introduction to the 
discrete case and the link with the data is easier to understand than in the latter 
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case). In section 4, we treat the case wherein the magnetic flux density is only 
measured in a finite number of points. The DCT and the DST are bijections from 
R n+1 onto R n ^ 1 so that there are no artifacts related to working in undefined 
space and the only error results from the initial discretization of the Biot-Savart 
integral. 



2. Continuous case in the unlimited space 



The general relation between the measured flux density distribution and the 
flowing supercurrent density j is given by the Biot-Savart law : 



— fiQ H ex + 



mo r 
47T Jv 



jx(r')(y - y') - j y {*'){x - x') 



r'|3 



dV. (1) 



The measurement of the perpendicular flux density distribution B z (x,y,z) 
above the superconductor surface permits the determination of the planar cur- 
rent density j(.r. y. z) — j x (x, y, z)e x + j y (x, y, z)e y . The distance between 
the magneto-optical film and the upper surface of the sample is h, the thickness 
of the sample d, we have chosen the origin in the midplane of the sample and 
the z axis perpendicular to this plane. 

Equation (1) can be used to give the current distribution by means of a 
numerical inversion. We admit that V • j = 0 and that d] jdz — 0. Thanks to 
these assumptions, we can write j = V x (ge z ) so that j x = dg/dy and j y = 
—dg/dx. Substituting these expressions for j x and j y in (1) and integrating by 
parts, one gets : 



B z { r) - hq #ex = Ho J £g(r~ r')g(r f ) d 3 r', (2) 

with 

1 2 (h - z'f -(x- x ') 2 -(y- y > ) 2 
r 4 7 t |r — r'| 5 () 

Integrating over the thickness of the sample (z 1 varies from —d/2 to d/2), one 
finds : 

B z ( r) - Ho Hex = Ho [ K g ( r - r')fl'(r / ) dx> (h J , (4) 

J s 

with 



Kg(x-x' ,y-y' ,h) = — ^ 



(-l) n+1 \h+(- 1) 



n d 
2 



=i {[h+(- 



+ (x — X‘ 



/ ) 2 + (y-y') 2 } 



3/2 
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Applying two-dimensional Fourier transformations and the convolution theo- 
rem: 

■Bz{k x ^ ky]h) = fiQ Kg(k x , ky] h, d) g (k x , ky ), ( 5 ) 

with K g (k Xl k y ; /i, d) — e~ kh sinh (kd/ 2 ). The inverse relation between g and 
B z is simply given by g = B z jg^k Q {k x , k y \ h , d). 

We are faced with the following problem : the magnetic flux density is only 
measured in a finite number of points which naturally belong to a compact. 
Following Jooss et al [ 3 ], taking a film twice as large as the sample gives a very 
good approximation of the true solution. 

3. Continuous case on a compact - Finite sine and cosine 
transforms 

We work in L2 ([0, it]) and define the sine and cosine transforms as follows : 

^ rn ^ r n 

fs( n )— / f( x ) sinnx dx, fc{ n )— / f(x)cosnxdx. (6) 

Jo Jo 

On the other hand, the functions sin nx (n > 1 ) are orthogonal and form a 
complete set. To see this last point, we take an arbitrary function / E L2QO, n]) 
and define its odd continuation fi in I/2([— 7r, 7r]). Because this function is odd, 
its Fourier series only includes sine functions : 

+00 

fl( x ) = Y^ a n s[xlnx ( 7 ) 

n= 1 



with 

2 ptt 2 f 71 2 - 

a n = 7- — / fi (x) sin nx dx = — / f(x)smnxdx = —f s (n). (8) 

27T J-tt 7T Jo 

In particular, the development ( 7 ) holds for /(x) (x E [ 0 , 7r]). On the same 
way, by introducing the even continuation of /, we can show that 

1 - 2 +oc 

fix) = -/c(0) + - 'Yh fc( n ) cos ( 9 ) 



3.1 The convolution theorem for the finite transforms 

By making fi and periodic, we define the functions F\ and F2 respectively. 
Let the functions / en g belong to L2 ( [ 0 , n ] ) . The convolution theorem [ 4 ] states 
that 
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C n {F 2 *G 2 ) = [ {F 2 * G 2 )(x) cos nx dx = -2 f c (n)g c (n), (10) 

Jo 

S n (F 2 *Gi ) = [ (F 2 * Gi)(x)sinnx dx = 2f c (n)g s (n). (11) 

Jo 

There also exist theorems for ,5’„ ( b\ * G 2 ) and for C„ ( F\ * G\). 



3.2 Link with the data 



The function K g plays the role of the function /. It is symmetric so that it 
can be identified with f 2 . The function g plays its own role. It is a function 
with a compact support, namely [0, 7r]. One has : 



P7T ri r 

B(x) = / f 2 (x — u)g{u) du = / F 2 (x — u)g{u) du 
Jo Jo 



because — -k < x — u < tt if u G [0, 7r]. As 

(G 2 (x) + G\{x))/2 = g{ x) 

= 0 



if x €]0, 7r[, 

if X e] — 7T, 0[, 



we can write 

B z( x ) = l - u)[G 2 (u) + G^u)) du = (f 2 * ° 2 + G ^ ( x ). 



3.3 Change of base 

We need C n {F 2 * G\) and S n (F 2 * G 2 ) but we have no convolution theorem 
for these quantities. We shall see that there are no simple expressions for them. 
We have : 

[ sin mx cos nx dx = — 0 ^ m if m and n have different parities 

Jo rn z — n z 

and 0 otherwise. This equation permits to find the components of sin mx in the 
base {1, cos 2x, . . .} and those (in L 2 ) of cos nx in the base {sin x, . . .}. It is 
then possible to express 



F 2 *G 1 
2 



2 
7 r 



+00 



m= 1 



F 2 * G\ 
2 



sin mx 



as a linear combination of the cosine functions and ( F 2 * G 2 V 2 as a linear 
combination of the sine functions so that F 2 * ( G 2 + G\)/2 can be expressed as 
a linear combination of the cosine functions or of the sine functions. By iden- 
tifying the coefficients with those of B z {pc ), we get equations for the unknown 
quantities g c (n) and g s (n). We shall give more details in the discrete case. 




261 



4. Discrete case - Discrete sine and cosine transforms 



4.1 The base of the cosine functions 



One studies the functions defined on {0, 1, , N}. The functions 

e e (m) = cos £ = 0,... ,N (12) 

form a base of this set of functions. This base is not orthogonal. To determine 
the components of an arbitrary function /, one introduces its even continua- 
tion /2(n) (n = — N , . . . , 0, . . . , N) and one calculates the discrete Fourier 
transform of this function : 



N 



= /( 0) + 2 f ( m ) cos 

m= 1 



27 r 



-lm 



k 2N + 1 

In particular, one has : 

N 

/2(o) = /( o) + 2 /( m ) = /c(°)> h(-l) = hi*) = Seif) 



m=l 



and S c (£) = 1 (£ = 0,...,iV). 

The inversion of (13) can be made by using the inverse DFT : 



h{k) = 



2N + 1 



N 



/2(0) + 2 ^/ 2 ^) COS 
£=1 



27T 



27V + 1 



k£ 



(13) 

£^0, 

(14) 



This development holds naturally for f(k) [= / 2 (h) for k = 0, . . . , N]. 



4.2 The base of the sine functions 

The functions 

eo(m) = 1, e£(m) = sin £=1,...,N 

form a base of the set of functions defined on {0, . . . , N\. This base is not 
orthogonal. To determine the components of an arbitrary function /, one intro- 
duces its ‘odd’ continuation 

/i(«) = /(0) + /(n)-/(0) n = 0, . . . , TV, 

= /(0) + /(0)-/(-n) n = —N, . . . , 0 

and one calculates the discrete Fourier transform of this function : 

fi(£) = f(0)(2N + 1)^,0 - 2i ^ if( m ) ~ /(0)] sin ( 2 ^1 / m ) • 

771=1 ' ' 
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In particular, one has : 

fs( 0) = A(0) = (2 N + i)/(o), f a {t) = -if\(-e) = ihV) I > o. 



fi can be found back by using the inverse DFT : 



/ i (*0 = 



2N + 1 



N 



m+uEm sin 

e= i 



2n 



2N + 1 



ki 



(15) 



This development holds naturally for f(k) [= f\ (A:) for k — 0. . . . . N\. 



4.3 The convolution theorem 

Let us first recall the cyclic convolution theorem. Let F and G be two 
functions, basically defined on {—N , . . . , A T } and then made (2A : +1 )-periodic. 

One has : 

F*G(£) = F(£)G(e). (16) 

Let us now consider two functions / and g defined on {0, ... , N}. By consid- 
ering their even continuations f<i and gi in {—A' A r } and by making them 

(2N + l)-periodic, we define the functions F<i and G-i respectively : F 2 * G 2 
is even in {-AT, . . . , AT} and Q(F 2 * G 2 ) = fc(t)9c(t)- 

If 5(0) = 0, F 2 * G\ is odd in {-N , . . . , N} and S e (F 2 * Gi) = fSW). 

4.4 Link with the data 

The function K g plays the role of the function /. It is symmetric so that it 
can be identified with / 2 . The function g plays its own role. We can write : 

B z {k) = pj 2 (k-j)g(j) = \F 2 {k~j)g{j) = (f 2 * (k). (17) 

where if 2 and Ji are the (2N + l)-periodic continuation of the functions /i 2 
and / 1 defined by 

h. 2 (n) = i\(n) = g(n) if n = 1, . . . , N, 

/i 2 (n) = 2^(0), ii(n) = 0 ifn = 0, 

/i 2 (^) = — *i (n) = g(—n) if n — — N , . . . , — 1, 

This unusual decomposition finds its origin in the fact that one searches two 
functions, an even one and an odd one, whose sum equals g in {0, ... , N} and 
0 in {—AT, . . . , —1}. Let us notice that 

/i 2 (n) — «i(n) = h(0)S(n) (n = 0, . . . , AT), 

h c {f) = icW + M0) 



so that 



(f = 0,...,AT). 



(18) 
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4.5 Change of base 



N l 

e 'e( k ) = ^nik) = 2 fi + i 



n = 0 

for £ = 1, . . . , N, with 



N 



<4(°) + 2 IZ e £c ( n ) cos 



n=l 



2tt 



2N + 1 



-kn 



4W = 



cos 


27V+1 + n )_ 


— {—l) l+n cos 

I 


2iV+l^ H \ 


- (-I)*"" 


2 sin 


2AT+1 + n ) 


2 sin 


_2iV+l(^ n ) 





(n = 0, . . . , N), 

where the second term must be omitted if l = n. Conversely, one has : 



N 1 

e n(k) = JZ si n e' E (k ) = ~ 2N ~ 1 



^=0 

for n = 0, . . . , N, with 

e ns (^) = 4c( n ) “ 

From this, it follows that 



N 



e ns (0) + 2 e ns{£) sin 



1 = l 



27 r 



2N + 1 



-ki 



cos 



F ^ H ^(k)= 2 



(Wtt') ■ ( “ 1) 1 / sin (wTT*) • 

f/c(0)^c(0) 



27V + 1 



fc(n)h c (n) 

+ i 2 

n=l 



N 



5 On 



+ £ 



sin 



e=i 



2n 



2N + 1 



kn 



On an analogous way, (F 2 * h )/ 2 can be expressed as a linear combination of 
the cosine functions so that 



N 



2£ c (0) = f c (0)h c (0) + f c (0)i a (0) + 2 ^2 fcWUWtoe, 

e=i 

n 

2B c (n) = f c (n)h c (n) + '22f c (l)i s (£)t n e, 

e=1 

2B S (0) = fc(0)U0) + fc(0)h(0) + 2Y^fc(n)h c (n)s 0n , 



N 



n = 1 



2 B a (£) = fS)i s ^) + ^J2fc( n ) h c(n)s en . 

71= 1 

We have 2N + 2 equations and 2N + 2 unknown quantities. It turns out that 
these equations are not independent. The unknown quantities i s (/: ) are related 
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to the i c {i) by the transition matrix (s£ m ) and then to the h c (m) by means of 
(18). The expressions are further simplified by noting that 

n 2 N 

^ v s £p = (2N + l)toe, S£ m 2 jy I j y v s £p = t mi • 

p=l p=l 

We finally get 



2B C (0) = 



N 



/c(0) + 2E/cW4 



*=1 



A f iV 



MO) + 2 ^ 



ra=l Lfc=l 



fc{^)tm£^0£ 



N 



N 



2 B c (n) = Y^fc( i ) t n£to£~h c (0) + £ 

£—\ m= 1 



AT 



51 fc(£)(8en$mn + 



h c (m) , 
h c (m). 



The matrix of the system formed by the latter equations is a linear combination 
of positive definite symmetric matrices. Under certain conditions on the aspect 
ratio N(h + d/2) /it, all the coefficients have the same sign and it is positive 
definite so that the Gauss-Seidel algorithm (single step method) converges. 
Beside the off-line calculation of the coefficients, the on-line calculation time 
should be of order 7V 4+ . 



5. Summary 

We have exposed the principles of a Fourier-like method which avoids any 
form of artifacts by taking the finite number of data consistently into account. 
The theory must be made two-dimensional and implemented. Unfortunately, 
the expected calculation time is much larger than the one of the algorithm 
developed by Wijngaarden et al [2]. 
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Abstract Large, well defined magnetic domains, on the scale of hundreds of 
micrometers, are observed in Gai_ x Mn x As epilayers using a high-resolution 
magneto-optical imaging technique. The orientations of the magnetic 
moments in the domains clearly show in-plane magnetic anisotropy, which 
changes through a second-order transition from a biaxial mode (easy axes 
nearly along [100] and [010]) at low temperatures to an unusual uniaxial mode 
(easy axis along [110]) as the temperature increases above about T c /2. This 
transition is a result of the interplay between the natural cubic anisotropy of 
the GaMnAs zinc-blende structure and a uniaxial anisotropy, which we 
attribute to the effects of surface reconstruction. 

Key words: magnetic semiconductors, magnetic anisotropy, magnetic domains 



1. Introduction 

Diluted magnetic semiconductor alloys, such as epitaxial Gai_ x Mn x As 
films, have attracted considerable attention since they hold unique potential 
for spintronics and quantum computing applications [1-5]. By doping GaAs 
with Mn 2+ on the Ga 3+ -sites local Mn-moments and, simultaneously, 
itinerant holes in the valence band are introduced. The long-range magnetic 
order between the Mn-moments is mediated through these delocalized hole 
carriers and the Curie temperature, Tc, depends on the Mn-concentration, x, 
on the hole concentration, p [6]. Generally, in as-grown samples p is 
significantly smaller than x due to the presence of compensating defects such 
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as Mn and As interstitials, and As antisites. Low-temperature post-growth 
annealing procedures [7] have proven effective in removing some of these 
defects thus allowing an increase of T c up to 150 K [8] in thin (<50 nm) 
films. 

The magnetic anisotropy of the Gai. x Mn x As films is largely determined 
by epitaxial strains between the film and the substrate, with compressive and 
tensile strains introducing in-plane and out-of-plane moment orientation, 
respectively [9]. These moment orientations are well accounted for in 
theoretical models based on hole-mediated magnetic order [10], and the 
expected stripe-domains for out-of-plane moment orientation have recently 
been observed in scanning-hall-probe images [11]. In contrast, the magnetic 
structure of in-plane magnetized films - which are expected to form the 
basis for most applications, such as spin injectors [12], tunnel junctions [13], 
or giant planar Hall effect devices [14] - remains largely unknown [15]. 

Here we present a study of as-grown, in-plane magnetized Gai. x Mn x As 
fi lms on GaAs-(OOl) substrates that combines direct imaging of magnetic 
domains and SQUID magnetometry. Clear evidence for a strongly 
temperature dependent in-plane magnetic anisotropy is observed. At 
temperatures near Tc the samples display uniaxial anisotropy with easy axis 
along the [110] direction. On cooling a second order magnetic transition 
into a biaxial state with easy axes close to the [100] and [010] directions 
occurs. This transition is the result of the competition between the cubic 
anisotropy of Gai. x Mn x As and a uniaxial growth induced anisotropy in the 
film plane. We attribute the latter to effects arising from surface 
reconstruction. Direct domain images reveal that although the Mn moments 
are diluted the magnetization reversal proceeds through the nucleation and 
expansion of large (several hundred microns), well defined domains. The 
magnetization reversal in the uniaxial state proceeds through 180-deg 
domains and in the biaxial state through 90-deg domains. 



2. Experiment 

The Ga,. x Mn x As samples with thicknesses ranging from 0.2 to 6.8 /* m 
were grown on semi-insulating GaAs (001) in a low temperature molecular 
beam epitaxy process performed in a Riber 32 R&D system as described in 
detail elsewhere [16]. The results presented here were obtained on a sample 
with 0.3 jam thickness and T c « 60 K. The other samples showed similar 
behavior. The global magnetic characteristics were measured in a SQUID 
magnetometer whereas the magnetic domains were imaged using a high- 
resolution magneto-optical imaging technique [17]. This technique utilizes a 
Bi-doped yttrium-iron-gamet layer as an optical magnetic field sensor. The 
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in-plane magnetized garnet layer, with a mirror on one side, is placed 
directly on the sample, with the mirror side adjacent to the sample. 
Magnetic stray fields emanating from the sample induce Faraday rotation in 
the garnet, which is visualized in a polarized light microscope. We note that 
this imaging technique does not perturb the magnetic state of the sample. 
Since the light is confined to the garnet layer, photo-induced magnetization 
changes that could arise in conventional Kerr microscopy are avoided. In 
addition, re-magnetization of the sample such as seen during magnetic-force 
microscopy on magnetically soft samples [18] does no occur. Since the 
saturation magnetization of the Gai. x Mn x As samples is low the raw images 
had to be normalized to a reference image in order to enhance the magnetic 
contrast. We found that an appropriate reference image can be obtained 




T(K) 



from the average of images of the positive and negative saturated states. 
Figure 1. Temperature dependence of the magnetization measured in 50 Oe applied along 
various crystallographic directions after field cooling. 



3. Results and Discussion 

The temperature dependence of the magnetization measured in 50 Oe 
applied along the principal in-plane directions is shown in Figs 1. A field of 
50 Oe is higher than the coercive field in all cases. A distinct in-plane 
anisotropy of the magnetization is clearly revealed. At low temperatures, the 
[100] and [010] axes are easy axes, whereas at temperatures above 30 K the 
[110] direction becomes the easy axis. The magnetization values for the 
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[100] and [010] directions are identical. In contrast, the difference in 
behavior for the [-110] and [110] directions with [-110] always being the 
hard axis is not expected on the grounds of crystal symmetry, and will be 
discussed in detail below. The over-all size of the magnetization and its 
upward curvature near T c are typical for samples of similar composition 

[19]. 

Fig. 2 (top) shows domain images at 15 K taken near a comer of the 
sample for fields applied along the easy [100] direction indicated in frame a). 
In the positively polarized remanent state [Fig. 2(a)] magnetic contrast arises 
only at the sample edges seen as white lines and near a defect at the left 
edge. With the application of a reversal field [Fig. 2(b)] a transversely 
polarized domain nucleates at the comer of the sample. The moment 
orientation of this domain is revealed by the contrast at the edges. While the 
contrast at the right edge remains unchanged, the contrast on the left 
tumsdark, indicating the reversal. The domain boundary appears as a jagged 
bright line consistent with the indicated moment orientations. The transverse 
domain expands with increasing field [Fig. 2(c)]. Then a totally reversed 
domain nucleates at the left edge [Fig. 2(d)], and spreads rapidly through the 
entire sample [Fig. 2(e)]. The magnetization reversal through an 
intermediate (nearly) 90-deg domain state is typical for samples displaying 
biaxial magnetic anisotropy. It accounts for the two stages in the 
magnetization hysteresis for the easy axes seen in Fig. 1(a). Fig. 2 (bottom) 
shows domain images at 35 K. In the remanent states [Figs. 2(g) and 2(1)] 
magnetic contrast appears only at the right edge, indicating a moment 
orientation along [110]. During magnetization reversal 180-deg domains 
nucleate and expand [Figs. 2(h)-2(j)], as is typical for magnetic systems with 
uniaxial anisotropy. The zig-zag domain boundaries are clearly visible. 
Contrast at the left edge of the sample appears only in elevated fields [Fig. 
2(k)] when the magnetization is “pulled” into the field direction. Fig. 2 thus 
demonstrates that on increasing the temperature the magnetic anisotropy 
changes from biaxial, with easy axes approximately along [100] and [010], 
to uniaxial, with easy axis along [110] consistent with the magnetization data 
shown in Fig. 1. 

The evolution of the above magnetization behavior can be described in a 
model that includes a biaxial, a uniaxial, and a Zeeman term in the energy: 

E = Kic sin 2 (<t>)cos 2 (<])) + K ]u sin 2 (<|)) - MjH cos(<|>-<|)o) (1) 

Here K lc and K ]u are the first order cubic and uniaxial anisotropy constants, 
and the angles c|) and <|>o measure the moment orientation and field orientation 
with respect to the uniaxial [110] axis [see Fig. 3a]. Then, Ki c < 0 yields 
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easy axes along [100] and [010] in the absence of the uniaxial contribution. 
In the presence of the uniaxial term the system is uniaxial with [110] as easy 
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Figure 2. Magneto- optical domain images taken near a corner of the sample at 15 K (to panel: 
a) to 0) and at 35 K (bottom panel: g) to 1)) in the indicated fields applied along the [100] 
direction (vertical axis). The frame width is 1 mm. Positive (negative) perpendicular fields 
are seen as bright (dark) contrast. Black arrows indicate the orientation of the magnetic 
moments in the domains, 

axis for K lu > - K ]c , whereas for K iu < - K ]c it is biaxial with easy axes at 
angles given by cos(2<{)) = - K lu /K| C , 

The orientation of the easy axes can be conveniently determined by 
imaging the magnetic contrast at remanence around a hole patterned into the 
sample [17,20]. The inset of Fig. 3(b) shows magneto-optical images around 
an 80=/rm hole at 16 K and 34 K. The rotation of the contrast, i,e, the 
moment direction, is clearly seen. Following these images as a function of 
temperature yields the temperature dependence of the easy axis orientation, 
as shown in Fig. 3(b), Alternatively, the moment orientation can be obtained 
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by determining K lc and K !u from fits of the hard-axis magnetization curves 
which is given implicitly through: 

H = 2(K lu + K lc )/M, sin(<f>) - 4K Ic /M s sin 3 (4>) (2) 




Figure 3. (a) Temperature dependence of the in -plane uniaxial and cubic anisotropy fields. 
The inset defines the experimental geometry, (b) Temperature dependence of the angle of the 
easy axis with respect to the [110] direction. The inset shows the magneto-optical contrast 
around an 80-^m hole at 16 K and at 34 K, which identifies the moment orientation at H = 0. 

and calculating the easy-axis orientation form the above relation as outlined 
in [21]. The calculated moment orientation agrees well with the magneto- 
optical determinations, indicating good consistency of the data. As the 
temperature decreases below 32 K, the moment orientation starts to deviate 
from the [110] direction in a continuous fashion, indicating a second order 
magnetic transition, with the angle <|> being the order parameter. 

The values for the anisotropy fields [Fig. 3(a)] are in good overall 
agreement with results obtained from FMR experiments [16]. Near Tc the 
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uniaxial term is dominant. While this term increases slowly with decreasing 
temperature, the biaxial term increases (in magnitude) rapidly below 30 K, 
triggering the transition from uniaxial to biaxial anisotropy. A temperature- 
induced change in magnetic anisotropy has very recently also been reported 
in Gai_ x Mn x As with low hole concentration, T c ~ 24 K [22]. 

The presence of a small uniaxial anisotropy in the film plane has been 
noted before [14,16,22,23]. Our results show that this term in fact has a 
profound influence on the magnetic structure of Gai. x Mn x As. The 
occurrence of this term is not expected on the basis of the cubic zinc-blende 
structure of bulk Gai_ x Mn x As. However, it has been shown that epitaxial bcc 
Fe-films deposited on (001) GaAs substrates also display uniaxial anisotropy 
along a [110] direction [24]. It is believed that this anisotropy is a 
consequence of the arrangement of bonds at the GaAs-surface and 
subsequent surface reconstruction which makes the [-110] and [110] 
directions inequivalent, thus causing a uniaxial anisotropy. Surface 
reconstruction has been observed during the growth of Gai_ x Mn x As/GaAs 
[9,25], and it is expected that a uniaxial anisotropy can be seeded at the 
Gai_ x Mn x As/GaAs interface similar to that observed in the Fe/GaAs-samples. 



4. Conclusion 

We observe clear evidence for a temperature dependent in-plane 
magnetic anisotropy in Gai_ x Mn x As. Above about Tc/2 the samples show 
uniaxial anisotropy with easy axis along a [110]-direction, whereas below 
T c /2 two easy axes emerge in a second order transition, which at low 
temperatures approach the [100] and [010] directions. Even though the Mn 
moments are diluted and located randomly, the magnetization reversal 
proceeds through the nucleation and expansion of large (several hundred 
microns), well defined domains. In the biaxial state 90-deg domains and in 
the uniaxial state 180-deg domains are observed. 
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Abstract A garnet imager system has been developed for the forensic evaluation of 
magnetic tapes. The system employs a unique stage design which allows 
viewing of events on a micron scale, while keeping accurate reference of 
spatial relationships of events on the tape over tens of centimeters. The imager 
has been used on a range of tapes, from audio cassettes to high density 
computer back-up tapes. 

Key words: Garnet, magneto-optic indicator film 



1. Background 

Magnetic garnet indicator films are being investigated as a replacement 
for magnetic particle suspensions currently used in the forensic examination 
of magnetic tapes. The purpose of the magnetic particle suspensions and 
indicator films is to image the distinctive features of the magnetic fields 
(Bitter patterns) of the recorded audio tracks. An audio tape's magnetic field 
pattern reveals tape recorder 'start' and 'stop' marks, overrecordings and other 
recording events. These features can be compared with images of recording 
events from a known tape recorder, or with images of similar events later in 
the recording. This information is important to determine if the evidence 
tape is a copy or original, is a continuous recording, or if it has been altered 
in some way. Garnets are uniquely suited for this application as they can be 
grown with a range of properties, tailored specifically for the type of tape 
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being examined. The garnet indicator technique has inherent advantages in 
that it is non-contaminating, the interpretation of results is straightforward, 
and a linear garnet field response is converted to a visual gray scale, 
revealing subtle features in the recording. 

By comparison, the magnetic particle solutions must be prepared, applied 
to the tape, and allowed to dry before observation. Although fine particles 
can be used to get high resolution, the finer the particles the more difficult it 
is to remove them from the tape, resulting in permanent contamination. 
Furthermore, the particles only indicate the divergence of field and do not 
indicate the polarity of the event. 

The garnet indicator films are not without disadvantages, as they require 
polarized light for viewing, are expensive and difficult to obtain, contain 
both magnetic and non-magnetic artifacts, and are typically small compared 
to the region of interest for observation. Tailoring of garnet properties to 
obtain the appropriate sensitivity is also an issue [1,2] 



2. Imager System 

Here we report on progress made towards implementing a viewing 
system which will be used for routine forensic examinations, discuss some 
of the trade-offs in selecting garnet samples, and give examples of results 
obtained with the system. 

The system requirements for the garnet imager include the ability to 
obtain low magnification images of tape with as large a field of view as 
possible while having submicron resolution capability. An appropriate 
garnet should have good sensitivity and linear response from fields produced 
by the magnetic sample, estimated to be in the range of 1 to 15 Oe. The 
garnet should provide accurate replication of the field pattern in the media 
with minimal artifacts related to the garnet. Garnet artifacts include domain 
walls, both planar walls and serpentine perpendicular walls not directly 
associated with the magnetization pattern in the tape. Other artifacts include 
defects in the garnet including scratches, growth defects, and other domain 
wall pinning defects. High Faraday rotation in the garnet is desirable. 

The design of the garnet imager system stage took into account three 
important issues: the field of view, the area of tape under the garnet, and the 
area of interest for examination. The field of view is dependent on the 
microscope objective and video optics and ranges from tens of microns to a 
few millimeters. The area of tape observable under a piece of garnet is 
approximately one centimeter square. Larger pieces of garnet can be used, 
but it is an issue to get good, uniform contact between the tape and the 
garnet. The area of interest for examination can be tens of millimeters or 
larger. Since spatial relationship is a principal concern for many recording 
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events in a forensic examination, the ability to maintain registration on the 
tape outside the field of view of the garnet is important. The design of the 
imager system, especially the garnet holder and the garnet stage, allow the 
examiner to make measurements in areas of interest on the tape which are 
larger than the mounted garnet. 

The apparatus used in the imager system consists of a polarized light 
microscope equipped with both tungsten filament and mercury arc lamp light 
sources. The microscope objectives ranged in power from 2.5X to 50X. A 
monochrome digital video camera was used for live imaging and to capture 
high resolution still images. Camera resolution is 1.2 million pixels. A pair 
of linear encoders was attached to the microscope stage to measure the stage 
position. 

A top view of the garnet imager stage is shown in Figure 1. This stage is 
bolted to the top of the microscope stage. The garnet holding assembly is 
shown under the microscope objective. This assembly can be slid along a 
milled slot in the base plate of the imager stage. The range of travel matches 
that of the microscope stage. 




Figure 1. Garnet Imager Stage 

In Figure 2, the garnet holder is shown positioned over a piece of audio 
tape. The two slots on either side of the central aperture are used to align the 
tape, as the garnet has a reflective coating on the back and the tape is not 
visible through it. The two set screws on either side of the top plate in the 
foreground are for leveling. The area around the garnet is recessed to allow 
for shorter working distance objectives to be used. The position of the 
garnet holder is indicated by an embedded ruler. The clamp on the front of 
the holder, holds the gamet firmly on the tape, but when released can be slid 
along the guide rail to maintain alignment as the gamet is moved along the 
tape. 
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Figure 2. Gamet holder in top plate positioned over tape 



A spring-loaded tape clamp, shown in Figure 3, is situated at each end of 
the stage. In normal operation, a length of tape is drawn out of its cartridge 
and placed on the stage. Once this reference point is set, all measurements 
are relative to this setting. 




Figure 3. Tape Clamp 

A software interface using Labview was developed to integrate the 
position indicated by the stage mounted linear encoder onto the digital 
image. An overlay on the image provided real-time display of the horizontal 
and vertical coordinates of the stage. A screen shot of the Labview control 
panel is shown in Figure 4. The digital camera controls as well as the linear 
encoder position are displayed and can be changed by the operator. The 
axes labeled with coordinates indexed to the current values given by the 
linear encoders are also displayed on the image. 
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Figure 4. Screen shot of control panel 



3. Forensic applications 

The initial application of the garnet imager is for the imaging of standard 
audio cassette tape. For routine examination, the first item of interest is to 
determine the configuration of the recorded audio tracks. This would include 
whether the recording is mono or stereo, and whether there is any azimuth 
misalignment. More detailed forensic examination involves identifying 
specific events on the tape such as stop and start marks. Other features of 
interest would include evidence of erasure and overrecording on the same or 
a different tape machine. 

Figure 5 shows a record start event on the left and a stop event on the 
right. The record start is where the record head makes initial contact with 
the media. It is typical that the stop events are much cleaner than the start 
events. The bright white line across the upper portion of the image is 
attributed to the edge of the erase head, which passes over the track ahead of 
the record head. The horizontal lines parallel to the edge line and seen to the 
left of the recorded signal are attributed either to magnetic debris attached to 
the erase head, or the physical construction of the head. On permanent 
magnet erase heads, the magnetic tracks that the laminations in the head 
leave can be clearly seen. 
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Figure 5, Audio Tape: Beginning of Recording (left). End of Recording (right) 



Different recorders display different characteristics. In Figure 6, the 
beginning and end of a recording is shown for another recorder. On this 
recorder, the current to the head is gradually increased, so there is a fade-in 
effect of the signal. Depending on the sensitivity of the garnet, the exact spot 
where the recording started may be difficult to determine. It is worth noting 
that even though the recording stop and start marks are more difficult to 
detect with this recorder, other artifacts, such as the horizontal erase head 
edge line, shown along the edge of the lower channel in Figure 6, may still 
provide important forensic information about the recording. 
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Figure 6. Start of Recording (left) and Stop (right) for a Revox recorder. 



The garnet images shown here all have various artifacts. One feature of 
the stage used here is that it is possible to obtain an image of the 
magnetization pattern of the tape, and then without moving the garnet or the 
stage, move the tape away from the garnet to get a background image of 
thegamet when it is not in contact with the tape. An image of a microcassette 
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tape is shown on the left side in Figure 7 and the same area, with the garnet 
physically separated from the tape is shown on the right. 




Figure 7. Microcassette tape (left) background (right) 

What appears to be a scratch in the garnet in the lower right quadrant, is 
not seen in the background image, indicating that this is a magnetic mark on 
the tape. Defects and other permanent marks in the garnet are easily 
identifiable. Also visible are planar domains in the garnet. These domains 
are not specifically attributable to the recorded signal, but are affected by it. 

The garnets have also been used for examination of digital tapes. In 
Figure 8, a low magnification view of a digital audio tape is shown. 

An example of an insert edit event on a DAT tape which results in an 
irregularity in the ATF width and spacing is shown in Figure 8. 




Figure 8. Nairowcd track from insert edit 
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One issue with the sensitive garnet films is the mixed domain state, 
evidenced in Figure 9. In the areas where no signal is recorded, a serpentine 
pattern in the garnet is visible. This is attributed to the spontaneous 
demagnetization of the garnet in regions of the tape where there is not 
sufficient field from the tape to magnetize the garnet. These domains can be 
removed by applying a small perpendicular bias field, on the order of 10 Oe, 
to the garnet. The use of any external field on a forensic sample is 
undesirable, however tests have been conducted which indicate that fields of 
less than approximately 30 Oe have no measurable effect on the recorded 
audio tracks. 




Figure 9. Narrowed track from insert edit. 



One issue with the sensitive garnet films is the mixed domain state, 
evidenced in Figure 10. In the areas where no signal is recorded, a serpentine 
pattern in the garnet is visible. This is attributed to the spontaneous 
demagnetization of the garnet in regions of the tape where there is not 
sufficient field from the tape to magnetize the garnet. These domains can be 
removed by applying a small perpendicular bias field, on the order of 10 Oe, 
to the garnet during observation. The use of any external field on a forensic 
sample is undesirable from an evidence preservation standpoint, however 
tests have been conducted which indicate that fields of less than 
approximately 30 Oe have no measurable effect on the recorded audio 
tracks. 
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Figure 10. Game! on DAT tape: Demagnetized garnet. 



4, Summary 

A garnet imager system has been developed and is currently going 
through a qualification process to be accepted as a certified technique for the 
forensic evaluation of magnetic tapes. The system employs a unique stage 
design which allows viewing of events on a micron scale, while keeping 
accurate reference of spatial relationships over tens of centimeters. The 
imager has been used on a range of tapes, from audio cassettes to high 
density computer back-up tapes. 
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Abstract We demonstrate manipulation of magnetic microparticles based on domain walls 

displaced in a controlled manner. Here the domain walls are generated in bismuth- 
substituted iron garnet films, and can be visualized by their magneto-optic re- 
sponse. By applying an external magnetic field, the domain wall can either drag 
or push magnetic particles, sensitively depending on the external field. This kind 
of tweezer could be useful as a noninvasive method for probing and manipulating 
colloidal systems. 

Keywords: Magnetic tweezers, magneto-optical imaging 



1. Introduction 

Magnetic tweezers have the last 50 years found widespread use for manip- 
ulation of magnetic particles labeled with functional chemical groups, as well 
as for noninvasive rheological studies of biological materials [1, 2], However, 
most such tweezers systems are based on large electromagnets manipulating 
microscopic beads, which limits the mobility and detailed control of the mi- 
crometer sized beads. The last ten years magnetic force microscopy (MFM) 
has gained considerable popularity due to its capabilities of manipulating small 
magnetic particles directly using a nanometer sized tip. Since this method relies 
on a magnetized tip which is brought close to the magnetic particles under study, 
it is rather slow and inflexible with respect to the strength of the tip. Here we 
present a method using domain walls in magneto-optic films for precise posi- 
tioning and manipulation of magnetic particles. Domain walls are well-known 
to form spontaneously in order to minimize the energy of magnetic films. For 
the particular case of a magnetic film with in-plane magnetization, such as 
bismuth-substituted iron garnet films used for magneto-optical imaging, this 
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can happen as a result of e.g. local stress distributions. The interesting feature 
here is that these domain walls, whether they are Neel or Bloch walls, give rise 
to local magnetic field gradients. Any magnetic particle of magnetic moment m 
(e.g. para or ferromagnetic) in the vicinity of the domain wall will feel a force 
F = where /x is the permeability of the surrounding medium and 

H is the magnetic field. Since the domain wall itself can be visualized through 
the magneto-optic effect, this method allow us to precisely position and probe 
microscopic particles (see also [3, 4]). Moreover, if we use paramagnetic beads, 
the sign and strength of the force can be tuned by an external field [3, 4]. 

2. Experimental 

Here we report studies applying a garnet film of thickness ~ 4 /xm. Fig- 
ures 1 a) and b) show typical spike domain walls observed as a consequence 
of local stress points in the film. In a) some of these domain walls have been 
covered by ferromagnetic particles (Fe 304 ) obtained from ferrofluid, whereas 
in b) we see a typical magneto-optic image. The attraction between Fe 3 C >4 
particles and domain walls has been well known for a long time. In fact, this 
attraction is commonly used to decorate and visualize domain walls. However, 
to our knowledge, the domain walls have not yet been considered as tweez- 
ers for magnetic particles. In particular, they could be used to trap spherical 
magnetic beads or magnetic proteins, which are commonly applied to probe 
e.g. the rheology of biological matter. The domains and the domain walls can 
be visualized with a polarization microscope (Olympus A70, used in reflection 
mode) via their magneto-optical effect, and their displacement controlled with 
a resolution of 1 (x m. The typical wall coercivity is about 100 A/m, and it moves 
in response to a perpendicular field at a rate 0.1-1 /xm per A/m, depending on 
e.g. the local stress distribution. For weak field modulations (< 500 A/m) the 
DW displacement varied linearly with the applied magnetic field. However, 
in the case of larger modulation one observes that the domain wall tip cannot 
return to its initial position, i.e. we have irreversible motion. In practice, this 
means that the tip traverses a well-defined, reversible trajectory if we tune the 
magnetic field within a certain range. 

An example of particle movement is shown in Fig. 1 b), where a single 
paramagnetic bead is dragged along the same trajectory as the tip of the domain 
wall. A magnetic field perpendicular to the garnet film is used to move domain 
wall. When the domain wall stops, the inertia of the bead and the surrounding 
fluid make it stop a little bit later, which can be seen in the figure. We are able to 
drag the particles of radius a = 1.4 ixm with velocities typically up to v ~ 30 
fxmj s in water (with viscosity 77 ~ 10 -3 Ns/m 2 ). Since the hydrodynamic 
drag force is given by F ~ Qnr]av , this corresponds to a magnetic force of the 
order 1 piconewton. However, here we have neglected the fact that the drag 
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Figure I. Domain walls for manipulating magnetic particles. See text for details. 



coefficient is larger due to the present of the garnet surface, which may increase 
the hydrodynamic force by an order of magnitude. It should also be mentioned 
that forces up to one nanonewton can be achieved with certain straight Bloch 
walls, see Ref. [3]- 

One observes that in perpendicular external fields the particles do not stay 
on the line midway between the walls, but instead distinctly closer to one of 
them, a feature that is not possible for a Bloch wall, but for Neel walls, as is 
illustrated in Fig. 1 c). For Neel walls one also expects to observe that a particle 
magnetized along the z direction (normal to the garnet film) is pushed in the 
direction of the magnetic moment of the domain wall. 

Also straight domain walls can be used to perform interesting experiments, 
although they cannot manipulate single particles in the way discussed above. 
One example of how paramagnetic particles attach to a domain wall is shown 
in Fig. I d). Here the magnetic field is horizontal, i.e. parallel to the garnet 
film* In this case the magnetic beads align both along the domain wall field as 
well as the external one, thus forming chains along the garnet interface. 
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3. Summary 

In conclusion, we have demonstrated that domain walls in garnet films can 
be used to trap and move small magnetic particles. However, many more 
applications are possible. For example, one may imagine domain walls and 
tips for manipulation of magnetically labeled cells or proteins, and also for 
probing piconewton forces in other mesoscopic systems. 
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Abstract Magneto-optical imaging has become a powerful technique for the 
measurement of local magnetic fields. The technique consists in measuring the 
rotation in the light polarization plane when light travels through a sensitive 
garnet (Yttrium Iron Garnet, YIG). The plane rotation is a function of the local 
magnetic field at which the garnet is exposed. We describe an experiment for 
an undergraduate laboratory course in optics and electromagnetism that 
consists of two applications of the technique: (i) The characterization of the 
properties of the YIG as a function of the magnetic field generated by a 
Helmholtz pair of coils, and (ii) The measurement of the magnetization of 
previously recorded audio tapes. In the first case, the magnetic field is 
calculated by modeling the Helmholtz coils as two parallel circular coils of 
radius R separated at a distance 2R. The measured change in the light 
polarization plane is described as the corresponding to magneto-optical layers 
with in plane anisotropy. In the second application, computer generated 
functions (e.g. square and sawtooth) of different frequencies were directly 
recorded with a tape recorder. The magnetized tape patterns are observed 
using the same characterized YIG and a commercial polarized light 
microscope. 

Key words: undergraduate laboratory experiment, tape recording, magneto-optics. 



1. Introduction 

Magneto optical imaging (MOI) has recently received much attention as 
it provides a tool for the direct observation of magnetic flux distribution with 
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a field resolution of - 0. 1 G and a spatial resolution of ~ 1 pm [See Ref 1 
and references therein]. In order to introduce young students to techniques 
used in research laboratories at present [2], we describe an undergraduate 
laboratory experiment applying MOI. 

The experiment aims at students who were already introduced into the 
concepts of magnetic field generated by currents, geometric optics and light 
polarization. During the first weeks of the course the students perform 
experiments to study the current dependence of the magnetic field generated 
by a pair of Helmholtz coils. They learn the use of probes based on the Hall 
effect. Then with thin lenses they construct a microscope. With a pair of 
polarizers, a photosensor and an acquisition card they study Malus' law. As 
an application the students perform two related experiments based on MOI 
that are described below. 



2. Experiments 

2.1 Characterization of the magneto-optical sensor. 

A beam splitter and a pair of polarizers, together with the Helmholtz 
coil, were added to the microscope to study the response of the magneto 
optical sensor, a YIG film with planar anisotropy, as function of the applied 
field. Videos (25 frames per second for approx. 1 min.) were recorded with a 
Sony XC-75 Monochrome camera, digitizing the signal with an acquisition 
card (Video Aims Labs's Highway Xtreme), with 8 bit resolution and 284 x 
388 pixels. The frames were averaged to reduce noise, for each value of 
applied field, and images were fitted pixel-by-pixel to the following 
expression [see Ref. 1], 



B z (x,y) = B k tan 



- 


/ . 




i 


arcsin 


arcsin 




[cM s 






\ 

+ A a 

J 



where B z is the (normal) applied magnetic field, B k is the anisotropy field of 
the film, c is equivalent to Verdet's constant, M s is the spontaneous 
magnetization, I - fi is the measured light intensity corrected by offset, V is 
the intensity reflected from the YIG, and Aa is the angle between polarizer 
and analyzer. 

Figure 1 shows a graph of the obtained fitting parameters, a) the 
anisotropy field, B k ; b) the product of Verdet's constant and spontaneous 
magnetization, c M s ; c) angle between polarizers, Aa and d) the reflected 
current, I '. 
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Figure 1: Plots of (a) Anisotropy field, B t (x,y) , (b) spontaneous magnetization, c M,(x,y); 

(c) angle, Aa(x,y); (d) reflected current, i (x,y). See text. 

The following are the average values of the fitted parameters in Fig. 1. 
a) Anisotropy field: B k = (0.45 ± 0.02) Tesla, b) Spontaneous magnetization: 
cMs = (3,90 ± 0.05) radians, c) Angle: Act = (-0.008 ± 0.003) radians and d) 
Intensity : V- (249.0 ± 0.4) arbitrary units. 



2.2 Physics of tape recording 

To study how information is recorded in a cassette tape, the tape 
magnetization is investigated. Square and sawtooth wave functions of 
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different frequencies {10, 20 , 50, 100, 200, 500, 1000, 2000, 5000 and 
10000 Hz) were computer generated and directly recorded with a tape 
recorder. The software Mathematica [2] is used with the following 
commands: 

« Miscellaneous" Audio' loads the package. 

Waveforni[type, free, dur, Overtones — > n ) creates a standard 

waveform having a fundamental of free hertz and lasting dur seconds with n 
overtones. 

Waveform[Square, 500, 10] // Show Generates 10 sec. of a 500 Hz 
square waveform, 

Waveform[Sawtooth, 500, 10] U Show Generates 10 sec. of a 500 Hz 
sawtooth waveform. 

The signals were stored in the magnetic tape connecting the exit of the 
sound card directly to the tape recorder. In Fig. 2 some of the images 
obtained with a Sony DSCF505v camera and a commercial Olympus 
BX60M microscope are shown. 




(a) (b) (c) (d) 

Figure 2: (a) Square wave, 50 Hz; (b) square wave, 100 Hz; (c) sawtooth wave, 50 Hz; (d) 
sawtooth wave, 200 Hz. (a)-(c) scale: 20 [im/div, (d) scale: 10 pim/div. 
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3. Results and Conclusions 



The tape is magnetized only on one of its surfaces. Half of the surface 
records one of the two “sides” of the tape (side A and B). For each “side”, 
two parallel patterns correspond to the two channels of stereo mode. If 
recorded in mono mode, the two patterns are identical (as in Fig. 2). 



Square wave: Changes in light intensity are localized (Fig. 2a and b) 
indicating an in plane tape magnetization M. The length of the magnetized 
domains in the z direction (see Fig. 3) scales with the time dependence of the 
wave form. As a test, the tape magnetization was modeled as an array of 
small identical independent circular coils (radius r = a), coaxial to the tape (z 
axis), where the current J circulating in each coil depends on the position of 
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the coil, z. In the description J(z) scales with the temporal dependence of the 
audio signal, as shown in Fig. 3* The following equations show the 
components of the field generated by the circular coil, where K and E are 
complete elliptic integral of the first and second kind, 




Figure 3: The local magnetic moment of the tape is modeled by an array of coaxial circular 
coils with a current distribution shown in the bottom panels. The right panels show the 
calculated B r that describes the field intensity observed in Fig. 2. 
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Sawtooth wave: Changes in light intensity (Fig. 2 c) and d)) again 
indicate that the z dependence of the tape magnetization, M(z), scales with 
the time dependence of the wave form. The measured field B r is modeled as 
generated by an array of coaxial identical coils with a J(z) that scales with 
the time dependence of the wave form. Calculations of B r (r,z) are shown in 
the right panel in Fig. 3, for an estimated YIG position, r = 2a. 

As the tape linear velocity is constant during recording and reproduction, 
a comparative study for different frequencies is possible and may be 
proposed as an additional experiment. We conclude that the simplified 
model of an array of circular coils representing the magnetization of the tape 
is satisfactory. 
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Abstract Magneto-optical ferrite-garnet films were applied to visualize magnetic fields 
produced by magnetic records or magnetized objects. The improvements were 
achieved by increasing the resolution and sensitivity of magneto-optical 
imaging methods using of spatial filtering and processing of the optical data. 
Some characteristic features and advantages of the developed methods in 
comparison with the conventional ones are illustrated by the images obtained. 

Key words: magneto-optical effects, domain structure, ferrite-garnet, diffraction. 



1. Introduction 

Magneto-optical imaging (MOI) is an effective tool for studying the 
spatial distribution of magnetic fields in real-time. The method is based on 
copying by a ferrite-garnet (FG) film the stray magnetic fields produced by a 
magnetic tape or another type of magnetized objects. The domain structure 
(DS) of the FG film is reconstructed by the stray field according to the 
distribution of its intensity. Observation of such reconstructed DS with 
magneto-optical Faraday effects (or sometimes Kerr effect) allows one to 
obtain a clear picture of magnetic fields or the surface distribution of 
magnetization. 

MOI method is useful for determination of magnetic marks, errors of 
magnetic records or variations of magnetic carriers parameters. Other 
aspects that attract attention to the method are its non-destructive character, 
not too complicated hardware and relatively high sensitivity. As to the last, 
the MOI can be used for copying low-intensive fields as well as high- 
intensive ones (from 1 0"- 1 0 4 Oe to 1 kOe or more) without external 
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magnetization. This is due to a composition dependence of the FG film 
parameters over a wide range, strongly depending also on the quantities of 
dopants. However, there are some disadvantages of the MOI method, such as 
not too high spatial resolution, operation in a close contact mode, etc. In 
order to overcome the former, we have used a spatial filtering method to 
analyse the diffraction spectra of magneto-optical images. 



2. Experimental 

The transparent FG films were investigated for their Faraday effect when 
visible light passed twice through the film. A conventional setup of MOI 
equipment is outlined on the Fig.l. It usually consists of a polarized light 
source 1, a pair of polarizer-analyzer 3 and a registration part (photodetector 
7, videocamera 6, eyepiece). The optical lenses 2 are used to focus the light 
spot on the surface of FG film 10. The beam reflects from the FG film which 
is in direct contact with the magnetic tape 11. The DS of the film being 
subjected to an external magnetic field can be visually observed either on a 
monitor 8 or by photometering using a photodetector. An additional spatial 
filter 5, placed in the focal plane of the upper objective on Fig.l. can be 
tuned to observe either the image of the DS or its diffraction spectrum. 




Figure 1. Basic experimental setup for MOL 



A few types of FG films were used for MOI with submicron resolution. 
The first one was uniaxially anisotropic Bi-doped FG film with 2 microns 
thickness and a period of the domain structure of about 4 microns. The 
second type was the "easy plane" anisotropy film of composition 
(Tm,Lu,Bi) 3 (Fe,Ga)50 12 with 5 microns thickness on GGG(IOO) substrate. 
The high sensitivity to magnetic fields of the latter film is caused by the low 
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cubic anisotropy in the film plane. The anisotropy of such films could be 
modified by thermal treatment. In particular, annealing in air at a 
temperature of 950°C caused formation of two layers: with "easy plane" 
anisotropy close to the surface and uniaxial anisotropy in the layer adjacent 
to substrate (Fig.2). A thin intermediate sub-layer 2 separates the above 
layers. Such inhomogeneous structure was formed in the initially strained 
film (due to the lattice mismatch) because of Ga and O 2 ' ions diffusion into 
the film [1], that caused the strain drop. Thus changing a mismatch value one 
can influence the magnetic, optical and mechanical parameters of the film 
and form nearest to phase instability state of its magnetic subsystem. 
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Figure 2. Scheme of the domain structure (left) and distribution of magnetization in the 
initial (3), additional (1) and separating (2) layers (right). 



The thickness h\ of the additionally formed uniaxial layer 1, is 
proportional to the time of annealing as well as to the temperature. The 
domain structure, formed in this layer (Fig. 2a) became labyrinth with the 
period d - 4h x and maximum value d^- 4 microns at hi =h - the total film 
thickness, when all the DS throughout the film became labyrinth and the 
whole film became uniaxially anisotropic. 

Magnetization hysteresis loops of two-layered structure look like 
superposition of two curves, each one produced by its own layer. The 
properties of the intermediate sub-layer can be determined magneto-optically 
using an inclined laser beam. As seen on Fig. 2 the contribution of the local 
magnetization to the Faraday effect in various areas of the film is different, 
depending on the magnetization component in the direction of light 
propagation. An equation for the Faraday rotation <P V can be written as 
follows, 

^ F± = V{±Mh x cosa ± 2Mh 2 [sm/3- sm(a-n/2sina)]/n± Mhft&ma } 

where, M - magnetization per length unit; a- angle between the direction of light 
propagation and perpendicular to the film plane; V - Verdet constant; /?i, 2 , 3 - 
thicknesses of the corresponding sub-layers; sign + or - depends on the 
relative directions of magnetization and light wave vector that corresponds 
to propagation of the light through the different domains. Solving this 
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equation and the similar one for perpendicularly incident beam, it is possible 
to determine h 2 - the thickness of the intermediate layer. In the films of the 
above-mentioned composition its value was about 0.05-5-0.3 microns 
depending on the thickness of the layer 1. 

It is possible to investigate magneto-optically in a scan mode the domain 
structures having a period d smaller than the light wavelength. For such 
purposes the beam scanned across the domain stripes, and periodic change of 
the light intensity followed the domain periodicity. From the Gauss 

x 2 

distribution of light intensity I(x)~ e T ■ ^J(r 2 -x 2 )/ 2 n , where R is radius of 
the light spot, it is possible to determine the relative intensities of light, 
passing through the "dark" and "light" domain stripes (Fig.3a). Taking into 
consideration the light absorption, in proportion dependent on film thickness 
h as e~ ah and on relative orientation of polarization plane and polarizer axis 
as cos 2 ^ F , the light intensity variations can be depicted vs the number of 
domains going in the light spot area (Fig. 3b). 





Figure 3. Dependence of light intensity changes while periodic DS is scanning 
vs number of the domains (a) going in the light spot area (b). 

The intensity of light passed through the FG film does not change when 
the beam scans along the stripe domain. Thus, a type and a period of the 
domain structures can be determined up to domain size about 0,1 jum owing 
to high Faraday rotation of Bi-YIG films (about 1 7//m). 



J, I 




Figure 4. Change of MO signal while the beam of diameter D~d (left) or D ~ 3 d (right) 
passes across the stripe domains. 
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3. Magneto-optical diffraction 



The resolution of conventional MO due to the diffraction limit prevents 
detailed investigations of novel high-density magnetic recordings (as VHS- 
video, HDD of Gbytes capacity, etc.)- As the recording density continues to 
grow, the size of every individual bit X/2 becomes smaller and enters the 
submicron range. Hence, increasing the MOI resolution is of great interest 
for any application. 

Besides the diffraction limitation, the second main problem is quick 
decreasing of the magnetic field intensity with a distance from the tape z, 
following the exponential law B = B 0 exp(-2/r/l/j). For short spatial 
wavelength A of the recording this strongly diminish the fields already when 
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Figure 5. a) Scheme of FG film remagnetization; b ) spectra of light, diffracted on equilibrium 
DS without external influence; diffraction on DS of FG film, copying low-frequency (c) and 
high-frequency (d) recording; e) the same as (d) but FG film is magnetized partially. 



z> 1 jum. Such field may not have enough intensity for total remagnetization 
of the FG film. Nevertheless, the appearance of such DS can be registered in 
the diffraction spectra as additional spots at a distance r=Al/d from the 0- 
maximum, where / is the distance from DS to spectrum plane. The DS 
period corresponds to the spatial wavelength of the recording, and can be 
easily determined from measurements of d. It is possible to evaluate a 
relative volume of remagnetized part of the film by comparison of the light 
intensities in correspondent maxima. Such a method was applied for 
measurements of the tape magnetization in 0.1+2 jli wavelength range with 
accuracy about 10%. 




Figure 6. Diffraction efficiency of various types of FG films with the DS being reconstructed 
by magnetic fields of the records with spatial wavelength A. 




4. Spatial tittering 



By using additional optical spatial filtering of the diffraction spectra it is 
possible to obtain images of tracks from magnetic recordings in spite of their 
low stray magnetic field, insufficient for total remagnetization of the 
magneto-optical FG film probe. 



Figure 7. Video recording of C format with inaccurately setting-up heads (left) and fragment 
of Betacam videorecording (right). 



5. Scattering on the domain walls 

Observation of light scattered on the domain walls is effective to study 
micromagnetic inhomogeneities of the magneto-optical film (by observing 
e.g. disposition or inclination of the domain walls) and register the 
corresponding changes of scattered light intensity or its distribution in the 
spectrum. Jumping displacements of the domain walls give a clear picture of 
the potential relief and distribution of inhomogeneities of the magnetic field 
visualized by the magneto-optical film. 



E h a.u. 




Domain wall position 



Figure 8 * Change of MO signal while die domain wall moves under increasing magnetic field. 




a be d e 

Figure 9. Non-standard recordings: a - laser tracks (He-Ne, P = 1 mW, ^0.63 /im); b - 
plastic card (season ticket); c - surface magnetization of Ba-ferrile film (cylindrical domains); 
d - magnetized detail of the engine; e - light induced effect. 
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6. Application 

MOI is especially effective for definition of the format, types of magnetic 
marks, etc. because there is no another methods that can do this simply and 
independent on the type of magnetized object and with no damage. 




a b 

Figure 10. Schematic imaging of the recordings changes: a - superposition of two records; a - 
magnetic mark and additional non-format recording put on the 3,5" floppy tracks. 

Magneto-optical transparent FG films doped with Tm, Lu, Ga, Si used for 
MOI are also promising for integrated optics, e.g. as light transducers, non- 
linear optics elements, tunable switches, etc. One of the interesting effects - 
polarization-dependent light induced reconstruction of the domain structure 
was observed in the FG films with "easy plane" anisotropy in the vicinity of 
the phase instability point [2]. Such instability can be formed at room 
temperature due to specially selected composition and quantity of the 
dopants. The size of the doped ions is differs from the initial one, so the 
film-substrate mismatch causes strain in the crystal lattice that is strongly 
dependent on the temperature. 

We measured the transmission of polarised light through the waveguided 
pure and Bi-contained FG films (along the film plane) while the domain 
structure (DS) was being reconstructed under applied periodic magnetic 
field. The efficiency of TE-TM mode conversion depends on film 
composition, thickness, average period of the domain structure and the angle 
of specific Faraday rotation. A striped initial DS was formed due to cubic 
anisotropy with 3 easy directions in the film plane and uniaxial anisotropy, 
perpendicular to the plane. Polarised light with 1,15 /an wavelength could 
pass through a 6 mm waveguide formed between the entry and exit points 
(prisms). 

The typical changes of TM mode (light polarization perpendicular to the 
film plane) intensity obtained experimentally were up to 25% in the 
magnetic field of the DS saturation (50 Oe). Somewhat smaller changes of 
TE mode (polarization parallel to the film plane) - up to 12% are partially 
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connected with the theoretical predictions [3,4] as well as with the 
experimental setup contribution. The Bi-doped FG films with equilibrium 
labyrinth DS had a large dispersion of IR light transmission coefficient that 
can be explained in terms of Maxwell's equations taking into consideration 
variation of the film parameters. For simulation of the light interaction with a 
real magneto-photonic crystal a period of the DS must be compulsory 
decreased a few times - up to 1/4 or 1/2 of the light wavelength. However 
the observed changes are promising for somewhat new application of FG 
films as magneto-photonic crystals. 

The obtained efficiency of TE-TM mode conversion vs magnetic field 
showed drastic dependence on anisotropy, exchange coupling (measured 
magneto-optically from the angular dependence of hysteresis loop and light 
scattering on the domain walls), type of the domain structure, relative 
orientation of polarization (mode). 



7. Conclusions 

Methods of magneto-optical imaging with application of FG films can be 
effectively applied to study the properties of mesoscopic objects. The 
advantage consists in possibilities for local and integral observations with 
s imultan eous measurements without essential perturbation of the magnetic 
characteristics of the substance. However, in insulating films irradiation by 
polarized light sometimes can change magnetic, optical, mechanical 
properties. In particular, irradiation of yttrium FG can remagnetize the film 
up to saturation, contrary to relatively small influence of light on the most of 
magnetics. This effect can be additionally used for increasing a sensitivity of 
MOI. 
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Abstract Rare-earth iron garnet films are currently applied for magneto-optical imaging of 
magnetic field distributions. The physical properties of the films can be controlled 
by the chemical composition, the growth conditions and the crystallographic ori- 
entation. The sensor properties must be optimized according to the application 
desired. A new optimization method is introduced based on the swing of the 
photoresponse. An application example is presented. Furthermore, the sensitiv- 
ity can be strongly enhanced using specific crystallographic orientations which 
induce an easy plane of magnetization being tilted with respect to the film plane. 
Experimental results of a [112] oriented garnet film are in good agreement with 
calculations. The influence of the cubic anisotropy on the sensor performance is 
discussed. Finally, it is shown that also domain films can be applied for magneto- 
optical imaging. 



Keywords: Magneto-optics, imaging, magnetic garnet films 



1. Introduction 

Magneto-optical imaging of magnetic field distributions is an emerging tech- 
nology which uses magnetic garnet films as imaging elements [1-3]. The prop- 
erties of these films can be varied in wide ranges by the chemical composition 
and the growth conditions. Thus, one can control the characteristics of the 
sensors, such as sensitivity, dynamic range, spatial and temporal resolutions, 
optical losses etc., to optimize devices for different applications. 

For gray scale imaging films with negative uniaxial anisotropy are required, 
where the film plane is an easy plane of magnetization [4, 5 ] , so that no magnetic 
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domains nucleate. Such films can be grown by liquid-phase epitaxy on sub- 
strates of gadolinium-gallium garnet by the following two methods: (i) Using 
substrates of [100] orientation [6, 7] or (ii) using substrates of [111] orientation 
and additional doping with neodymium and/or praseodymium [8, 9]. 

The functionality of magneto-optical sensor films is based on the Faraday 
effect. The specific Faraday rotation is enhanced by substituting bismuth on 
dodecahedral sites of the garnet crystal [7]. Concurrently, however, this action 
increases the Faraday ellipticity, which becomes an important factor in the 
short-wavelength region of the visible. Furthermore, for [111] oriented films 
bismuth causes a strong growth induced anisotropy which must be counteracted 
by special doping as mentioned above. 

The purpose of this paper is to discuss and verify methods for the qualifi- 
cation and optimization of magnetic garnet films for magneto-optical imaging. 
Basis of the optimization process is the photoresponse (PR), the normalized 
optical signal obtained directly from the sensor. The quality factor applied for 
optimization is the maximum swing Qs of the PR which can be unambiguously 
used as sensor output. An experimental example demonstrating the application 
of the proposed optimization procedure is presented. 

Furthermore, it is shown that the sensitivity can be strongly enhanced by 
inducing an easy plane of magnetization which is tilted with respect to the 
film plane. Then it is demonstrated that the cubic anisotropy, which is often 
neglected, can deteriorate the imaging process. Methods to avoid this effect 
are dealt with. Finally, it is shown that garnet films supporting domains can 
also be applied for magneto-optical imaging. However, in this case the spatial 
resolution is limited by the domain size. 

2. Principle of magneto-optical imaging 

Fig. 1 presents schematically a magneto-optical imaging system. It is as- 
sumed that no strong convergent optics is used so that the light propagates 
nearly perpendicular to the film plane. The light emerging from the sensor is 
in general elliptically polarized. The geometry of a typical garnet film of [1 1 1] 
orientation is given in Fig. 2. The direction of the magnetization M is described 
by the polar angle d and the azimuth ip. The equilibrium of M is determined by 
the minimum of the total energy given by the sum of the Zeeman-, anisotropy-, 
demagnetization-, and exchange energy. 

The Faraday rotation 0 and the ellipticity angle 'T are given by 

0 = L © S at cos d , tan(T') — tanh(L (j) sat cos •&) , 

where © sa t and (j) sa t denote the specific Faraday rotation and ellipticity for light 
propagation parallel to M. L is the total propagation length of light inside the 
garnet film. For a mirror type sensor L equals two times the film thickness d. 
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light source-*- , detector! CCD) 




Figure 1. Schematic diagram of a Figure 2. Geometry of a [111] oriented 

magneto-optical imaging system. garnet film. 

3. In-plane films 

The light intensity reaching the detector (usually a CCD camera for imaging) 
is denoted as Idet • The ratio between Idet and the input intensity Iq is called 
the photoresponse. For in-plane films it is given by 

PR = = e~ La ° cosh 2 (</>) cos 2 ((3 — 0) + tanh 2 ((/)) sin 2 (/? — 0)1 , 

Iq L J 

where ao denotes the optical absorption coefficient and fJ the angle between 
polarizer and analyzer which is set at 45°. For wavelengths Ao > 540 nm 
the Faraday ellipticity and optical absorption can be neglected [10], yielding a 
simpler equation for the photoresponse: 

PR = Idet/ Iq ~ 0.5 (1 + sin(2 0)) . 

Fig. 3 shows the photoresponse of an in-plane magnetized garnet film mea- 
sured at Ao = 560 nm. The solid curve is calculated using the measured material 
parameters of the film. The swing factor Qs and the sensitivity S are defined as 
shown. For in-plane films the saturation induction B± }Sa t equals the effective 
uniaxial induction B± ySat = B ue g = 2 K u /M s - /i 0 M s . If a strong Faraday 
ellipticity occurs, the photoresponse curve becomes asymmetrically distorted 
with respect to ±Bj_ and it is no longer single valued. The latter effect also 
occurs if the Faraday rotation exceeds 45°. 
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Q s = swing of photoresponse 



S = sensitivity = d ^~ 



B ± = o 



S ~ L ® S at/ -B±,sat 



magnetic induction B ± [mT] 



Figure 3. Measured and calculated photoresponse 
of a garnet film. 



3.1 Optimization with respect to swing of photoresponse 

To optimize the imaging process, at first we tried to maximize the contrast 
C = ( Imax ~ I min)/ ijmax + Imin )■ However, it turned out that maximum 
contrast requires large film thickness, leading to large optical losses. Looking 
for another parameter to characterize and optimize the imaging process which 
takes into account the optical damping, the swing factor Qs of the photoresponse 
curve is chosen, see Fig. 3. It is given by: 



Qs = 



Idet 


1 _ 


Idet 


[ Jo J 


II 

o 


- Io J tf=180° 



with | — arctan ( — — ) , 

P 4 ©sat \a 0 J 



where denotes the film thickness at which the swing factor reaches its opti- 
mal value Q s >0 pt ; it is related to the well known figure of merit F = \ 2 © sai | /ao ■ 



Qs,opt = exp 



arctan F\ . . 

— j sm(arctan F ) . 



Qs is independent of the Faraday ellipticity. It is a parameter of the magneto- 
optical sensor while the figure of merit is a material parameter. Fig. 4 presents 
in a three dimensional plot the dependence of Qs on the wavelength and the film 
thickness. The data are calculated using the measured parameters of the sample. 
The solid curve shows Qs,opt ■ The maximum of Qs,opt occurs now at a relative 
low film thickness. To verify the usefulness of the quality factor Qs,opt a sensor 
film is cut into three pieces the thicknesses of which are changed by chemical 
etching. In Fig. 5a the quality factor Qs is plotted versus wavelength for 
each piece. The curves are calculated using the measured material properties. 
At a wavelength of Aq = 570 nm the maximum Qs,opt is reached for the film 
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Figure 4. Dependence 
of Qs on wavelength and 
film thickness for a sensor 
film. 
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Figure 5a , Swing factor versus wavelength at different 

film thicknesses. 




Figure 5b, Qs- 

uptimized magneto- 

optical images. 



thickness ri^ — 2.1 /mi. Then each piece is used to image the field distribution 
of a crack in a magnetized steel plate. Width and depth of the crack are 150 /m i 
and 450 /mi, respectively, while the thickness of the steel plate is 7 mm. The 
result is presented in Fig. 5b. Further quantitative results can be found in 
Ref. [2], 
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3.2 Increasing sensitivity using films with tilted easy plane 
magnetization 



If the film orientation lies in one of the symmetry planes (001) or (-110), the 
growth and stress induced anisotropies can be expressed by: 



Find = —Kuef f cos'* i? + Ki ( sin $ sin'* ip- 1 — sin i9 cos t? sin ip J , 

hv 



where k = 2 Ki/K y F z F. K ue ff — K u — fioM^/2 denotes the effective 
uniaxial anisotropy constant, Ki the in-plane anisotropy constant and K y F z F 
the respective orthorhombic anisotropy constant, while K x f v f — K x f z f = 0. 
The upper index F refers to the film coordinate system [11]. 

If the anisotropy constants can be adjusted such that Ki = — k 2 K ue ff the 
magnetization is lying in an easy plane which is tilted with respect to the film 
plane as sketched in Fig. 6. In this case a very high sensitivity can be achieved. 
Even if the mentioned condition is not exactly fulfilled an easy plane with high 
sensitivity can be induced. This effect is demonstrated in Fig. 7 for a [112] 
oriented film. Along the straight line the magnetization is lying on the easy 
plane and the saturation induction for this range is 4.4 mT. 




Figure 6. Sketch of an easy plane of the mag- 
netization. 




induction B ± [mT] 



Figure 7. Measured and calculated photore- 
sponse of a [112] oriented film. 



3.3 Influence of cubic anisotropy 

The cubic anisotropy is often neglected. However, if garnet films of high 
sensitivity are considered, this anisotropy must be taken into account. Due to 
the cubic anisotropy the plane of a [111] oriented film is not an easy plane. 
At equilibrium the magnetization is pointing out of film plane at a threefold 
symmetry. This behavior is sketched in Fig. 8. It gives rise to the nucleation 
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tization in [1 J 1] oriented films (schematic). 

Figure 9. Jitter domains in a [J 1 1] ori- 
ented film. 




Figure 10. Calculated equilibrium orientation of the magnetization in [1 1 1] oriented films. 



of domains, having magnetization pointing upward or downward from the film 
plane. We call them jitter domains, because they react very sensitive and very 
irregularly on weak external stray fields. Fig. 9 presents an example of such 
domains which easily may deteriorate a sensitive imaging process. 

The calculated dependence of the equilibrium polar angle ‘& m i n of the mag- 
netization in a [111] oriented film on the effective uniaxial anisotropy constant 
is shown in Fig. 10 for two values of the cubic anisotropy constant K\. It is 
obvious that this effect cannot be avoided for [111] oriented films. It can be 
minimized by reducing \K\\ or by applying a static in-plane induction B|| as 
shown in Fig, 10. On the other hand, if [001] oriented films are used, the jitter 
domains can be completely avoided, if K ue f j < K\ as demonstrated in Fig. 11. 
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Figure 11. Calculated equilibrium orientation of the magnetization in [001] oriented films. 




magnetic induction B ± [mT] 



Figure 12. Measured and calculated photoresponse of a stripe domain lattice. 
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4. Domain films 

In-plane films have the advantage of high spatial resolution and the images 
obtained are relatively easy to interpret. However, it is quite difficult to grow in- 
plane films of high sensitivity. On the other hand, very sensitive domain films 
can be prepared more easily, but their spatial resolution is limited by the size 
of the domains. Image formation using domain films occurs via diffraction by 
the domain lattice. The quantitative interpretation of the image is more difficult 
in this case. Fig. 12 presents the measured and calculated photoresponse of a 
domain film for the two cases of zero diffraction order or all diffraction orders. 
Only if all orders are taken into account a linear photoresponse can be achieved. 
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ANISOTROPY EFFECTS IN THE GROWTH OF 
MAGNETO-OPTIC INDICATOR FILMS 
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Abstract Effective Magnetooptic Indicator (MOI) films require domains that are 
extremely responsive to small magnetic fields. This requires optimization of 
all magnetic properties in bismuth-doped rare-earth iron. A free energy 
formulation is used to show the effects of saturation magnetization, crystal 
orientation, growth-induced anisotropy and stress-induced anisotropy. 

Key words: Garnet, Magnetooptic, Anisotropy, Indicator 



1. Introduction 

Two types of magnetooptic Indicator (MOI) films have proven effective 
in visualizing magnetic domains and flux in a variety of applications 

- Perpendicular films have their magnetization vectors normal to the film 
plane. The demagnetized state of these films is serpentine stripe 
domains. The net average perpendicular magnetization, 47tM, of such a 
film is an average over + and - domains, which change in proportion 
with applied field from a sample under test or a VSM (vibrating sample 
magnetometer). A VSM is a useful test of how a film will behave in use. 

- Planar films in the demagnetized state have their magnetization vector in 
the film plane. A perpendicular field applied by a sample under test or a 
VSM will produce a component of magnetization perpendicular to the 
plane of the film. The magnitude of this perpendicular magnetization is 
4tiM = 4tiM s cos0 where 47tM s the saturation magnetization and 0 is the 
angle of the magnetization vectors to the film normal (see Figure 1). The 
demagnetized state of a planar film has 0 = n/2. 
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Figure 1. Polar coordinates for (100) and (111) films. 

The sensitivity of a MOI film is a combination of the Faraday rotation © F 
of a folly saturated film and the response of the film magnetization 4nM to 
an applied field H. For planar films as are investigated in this study: 

o ^ d4nM ^ dcosG ,,, 

Sensitivity = 0 F x = © F x47tM,. x (1) 

J F dH F s dH 



2. Theory 

Saturation magnetization is primarily controlled through tetrahedral site 
doping of diamagnetic ions such as Ga and Al. These ions also have a 
diluting effect on the magnetooptic rotation and cubic, stress-induced and 
growth-induced anisotropies. Low saturation magnetizations are needed at 
the measurement conditions for MOI films to be responsive to small 
magnetic fields. The interaction of the magnetization vector M s with the 
applied field vector H gives the Zeeman energy. 

E z =-M s *H = -M s Hcos0 (2) 

The shape anisotropy of thin films is also governed by 4 tiM s . 

E d =2rcM 2 cos 2 0 (3) 

The uniaxial anisotropy of a film has contributions from growth-induced 
anisotropy and stress-induced anisotropy. Growth-induced anisotropy in 
bismuth-doped rare-earth iron garnets occurs primarily through ordering 
between bismuth and the rare earth. Growth conditions and the choice of 
rare earth affect this value [1]. Near zero or slightly negative growth- 
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induced anisotropies are necessary for good MOI films. The Bi-Lu pair has 
produced small negative growth-induced anisotropies at room temperature 
[2]. Bismuth- and gallium-doped lutetium iron garnet films on (100) 
substrates have proven particularly effective for MOI applications [3] and 
therefore this is the film system investigated here. The growth-induced 
uniaxial anisotropy energy is given by Eq. (4) 



E g u =A| La 2 p 2 ~ 

i=l 



+ B 



ICCiClkPiPk 

i*k=l 



( 4 ) 



where the a* and Pi are the direction cosines of 4nM and the film normal 
relative to the (100) crystallographic directions. This anisotropy is truly 
uniaxial only for the (100) and (111) directions. Isotropic terms (e. g. A/3) 
that do not affect this derivation are omitted in Eq. (5) and (7). 

Ej; = -K„ cos 2 0 with K*(100) = -A and K g (lll) = -® (5) 



The coefficients A and B can result from different ordering mechanisms, so 
the growth-induced anisotropy on the (100) and (111) planes may behave 
differently. 

Stress-induced anisotropy through small lattice mismatches can be used 
to counteract the net effects of other anisotropies, but is limited by the 
tendency of the films to crack if in tension or to form misfit dislocations if in 
compression [4]. The stress-induced uniaxial anisotropy is given by: 

3 3 

K s u = — aX yielding A'=A+— aX 100 and B' = B + 3oX m (6) 

2 2 

where a is the plane stress of the film (resulting from the lattice parameter 
mismatch) and X is the magnetostriction (which differs somewhat between 
the (100) and (111) directions and decreases with increasing Ga doping). 
For a perfect lattice match there is no component of stress-induced uniaxial 
anisotropy. The overall angular dependence of the uniaxial anisotropy 
energy is given by Eq. (7). 



E u = -K u cos 2 0 with K u (100) = -A' and K u (lll) = -y (7) 

The cubic anisotropy, K b of the bismuth-doped rare earth iron garnets 
varies with the choice of rare earth [1] and is diluted by Ga doping [5]. A 
negative Ki (as is typical for the garnets) has a positive contribution to the 
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anisotropy field in (111) films and a negative contribution in (100) films [6]. 
The magnetocrystalline energy contribution to first order is given by Eq. (8). 
Historical data on (BiY) 3 (FeGa) 5 Oi 2 [5] was used to estimate Ki. 

E c =Kj(afa 2 + a 2 a 2 + a 2 a 2 ) + higher order terms (8) 

For (100), E c is minimized for the four in-plane (Oil) directions. These 
are at the same planar angle cp as the eight (111) directions, which are out of 
the plane at cosO = +1/V3, 0 = ±54.7°. For the following equations it is 
assumed Ki < 0 and the abbreviations C = cosO and S = sin0 are used. 



E c (100) = K 



-S 4 +C 2 S 2 

4 



(9) 



For (111), E c is minimized for the six in-plane (112) directions. These 
are at the same planar angle (p as the remaining six (111) directions, which 
are canted out of the plane at cos0 = ±1/3, 0 = ±70.5°. 



E C (111) = K 1 



-c 4 +-s 4 +— cs 3 

3 4 3 



GO) 



The sum of these energies gives the free energy of a single domain. This 
formulation does not take into account multi-domain interaction effects such 
as domain walls and end effects (closure domains, free space field, etc.). To 
determine the equilibrium angle 0 of a single domain for any applied field, 
the energy density is differentiated with respect to cos0 and the result set to 
zero. This yields the following relations between field and angle. 

C+^-[c-3C 3 ] (11) 

M s 

For H = 0, cos0 = 0; there is no Ki contribution to Eq. (11) and the 
magnetization is completely in the plane. For cos0 = 1 (fully saturated 
perpendicular), K, increases the perpendicular saturating field, H s . 

H s (100) = 4 tcM - 2(Kl - ^ (12) 

s s M, 



H(100) : 



4tcM c — 



2K U 

M, 



For the (111) case, the following equation holds. 
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H(lll) = 



4nM 2Ku 


^ Ki 
C + — L 


-C 3 -S 2 C+— (s 3 -3C 2 s) 


M s . 


M s 


3 3 v 7 



(13) 



For H = 0, cos0 > 0; therefore for a single domain 4nM > 0 and the domains 
are canted toward the (111) directions, with equal proportions up and down. 



cos 



0 = ^K 1 /(-47iM s 2 +2K u +K 1 ) 



(14) 



For cos0 = 1 (fully saturated perpendicular), Ki decreases H s . 



H s (111) = 4jiM s + — Kj-2K U 



/M. 



(15) 



3. Results and discussion 

The VSM curves below illustrate the embodiment of these equations in a 
planar film. 




H (Oe) 

Figure 2. VSM magnetization plot of a (100) planar film with the field applied perpendicular 
to the film. The curve is linear to approximately half the saturation magnetization, but K, and 
end effects reinforce each other to cause a decreasing slope toward saturation. 
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H (Oe) 



Figure 3. VSM magnetization plot of a (1 1 1) planar film with the field applied perpendicular 
to the film. Domain canting gives an average magnetization of zero, but a positive 
extrapolated intercept per Eq. (14). Ki and end effects balance out to make the curve linear 
almost to saturation. 





Figure 4 . a) (100) planar domain structure viewed from the top (left above) and side (left 
below) and b) (1 1 1) canted domain structure viewed from the top (right above) and side (right 
below); canted up domains are black, canted down are gray. 

The growth induced anisotropy at a perfect lattice match (to eliminate 
any stress-induced anisotropy) was determined for various undercoolings on 
(100) and (111) substrates. As can be seen from Figure 5, the data show a 
very clear relationship between undercooling and growth-induced 
anisotropy. For the (111) orientation, the growth-induced anisotropy 
increases linearly with undercooling as is typical for bismuth-based growth- 
induced anisotropy [2]. However, it has the unusual feature of a negative 







317 



intercept at zero undercooling (typically there is a zero intercept) showing an 
equilibrium ordering mechanism with a negative coefficient. A negative 
growth-induced anisotropy was observed and calculated by Hansen and 
Witter [2] for (BiLu) 3 Fe 5 Oi 2 garnets, but they gave no growth conditions. 
This intercept indicates that there is also another anisotropy mechanism 
operating. It is suggested that this mechanism is similar to the conventional 
rare earth-rare earth anisotropy first observed in the garnets. Since (100) and 
(111) ordering depend on independent ordering parameters A and B, these 
mechanisms could be completely independent of one another and have 
different kinetic dependences. The approximately constant (100) growth- 
induced anisotropy appears not to have any component of undercooling- 
dependent Bi ordering, but to be only of the rare earth-rare earth type. 




Figure 5. Effect of undercooling on growth-induced anisotropy and saturating field. 

One way to vary the uniaxial anisotropy with little variation in other 
parameters is to scan through a range of undercoolings. This in turn 
produces a variable bismuth concentration, which results in a continuously 
varying lattice parameter and K*. Figure 6 shows the result. The 
theoretical curves are produced from Eq. (6) and (15) using measured 4 tiM s 
( which varies somewhat with growth rate), calculated Ki (from a fit to 4nM s 
[5]) and a calculated relation of K® to undercooling (see above) with only 
the magnetostriction as an adjustable parameter. The result is an 
excellent fit with A IU = -2.45xl0' 6 . This is larger than for garnets with 
no Bi doping, but is similar to Xm ~ -2.7xl0‘ 6 determined by Nistor, Krafft 
et al. on films of similar composition [7]. 
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Figure 6. Effect of lattice mismatch on stress-induced anisotropy and saturating field. 
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AND THEIR RESONANCES 
IMAGED IN GARNET FILMS USING 
COTTON-MOUTON MAGNETO-OPTICS 



Bemell E. Argyle 

IBM Thomas J Watson Research Center, 
Yorktown Heights, NY 10598, USA 



Abstract Microscopic images of domain walls, Bloch-lines, magnetic vortices, and their 
resonances in iron-garnet films are formed using the magneto-optical Cotton- 
Mouton effect (CM). Results reported in 1984 which were the first to image 
Bloch-lines optically, are summarized. In our sample epitaxial garnet film of 
Eu 0 . 7 Tm() 5 Gao. 85 -YIG, the domain moments lie in the [100] film plane. A 
pattern created with ion irradiation stabilizes the in-plane domains along four- 
fold "easy axes" [110]. CM microphotographs of 180° Neel walls show that 
multiple Bloch-line vortices may be present. A single vortex occurs at the 
intersection of two 90° Neel walls. For two 90° walls intersecting orthogonally, 
the motions observed at resonance induced with in-plane rf fields reveal the 
vortex motion is circular. The frequency of resonance depends on the length of 
the intersecting walls. Resonances appear at 24, 15.5 and 13 MHz for wall 
lengths 14, 28 and 35 pm respectively. Slonczewski estimated theoretically that 
the contribution of the effective areal mass of the 90° walls to the resonance 
frequency is negligible. His model resonances based on restoring forces arising 
from stray field energy when walls displace from equilibrium, are found in 
reasonable agreement with the experiment. The circular motion at resonance 
essentially involves precessions of just those electron spins within the invisibly 
small vortex-core region, and it confirms experimentally the existence of a 
Magnus force orthogonal to the velocity of a simple quantized magnetic vortex. 
The vortex core in our film carries magnetic film-normal flux equal 3% of a 
flux quantum, ch/2e. Very recently, Park, et al [Phys. Rev. B, vol. 67, 
020403(R)] formed MFM images of single vortices isolated in Permalloy nano 
particles and measured their time-resolved impulse response. We briefly 
compare the magneto dynamics they observed with our observations in the 
garnet film when the vortex is part of a wall network. 

Key words: Garnet, magneto-optic imaging, domain walls, Bloch lines, magnetic vortices, 

vortex resonance, Magnus force, Cotton-Mouton 
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1. Background 

The observation of domains and domain walls using magneto-optical 
microscopy has been of considerable importance for nearly four decades, 
both technically and fundamentally. In the decade of the 1970s epitaxial 
iron-garnet films where investigated for magnetic memory applications. 
Their composition and magnetic properties were arranged so that the domain 
moments pointed perpendicular to the film plane. Although not directly 
observable optically, localized reversals or ‘twists’ in magnetization can 
occur within the domain wall. These ‘twists’ called Bloch lines, were first 
made visible with the Bitter solution method [1]. The BLs have considerable 
influence on observable dynamic displacements of ‘bubble’ domains [2], 
More recently, garnet films have been found useful as magneto-optical 
‘indicators’ of localized fields whereby field induced changes in 
magnetization are readily detected using the Faraday effect [3]. The favored 
type of film for this application is a planar anisotropy film in which the 
remnant domain moments lie largely in plane. However, the possible 
influences of Bloch lines (or vortices within Bloch lines) on their magneto 
dynamic response, has received little attention. 

In 1984 we demonstrated [4] that Bloch lines in Neel walls of garnet films 
can be imaged magneto-optically even when the wall moment lies in the film 
plane and its scale falls below the limit of optical resolution. Here, we 
review how the image itself and a continuity argument together with 
measurements of domain-wall frequency response [5], showed us that 
B loch-lines in Neel walls contain magnetic vortices which exhibit unique 
properties. We summarize our seminal method of imaging Bloch-line 
vortices using the magneto-optical Cotton-Mouton effect. Swept frequency 
measurements made with our apparatus described in [6] have also revealed 
the fundamental influence which magnetic vortices have on the motions of a 
Neel-wall network. Very recently, isolated magnetic vortices were 
investigated in Permalloy ‘nanodots’ [7] using modem methods having 
higher spatial and temporal resolutions. 

2. Experimental 

A 0.79 pm thick Euo. 7 Tmo. 5 Ga<>. 85 :YIG film was epitaxially grown on a 
(100) Gd 3 Ga 5 0i2 substrate. The film's parameters are: growth anisotropy, K u 
= -4xl0 4 erg/cm 3 , gyromagnetic ratio y = 1.37xl0 7 s ’Oe' 1 , 4nM = 350G, 
crystal anisotropy Ki = -7xl0 3 erg/cm 3 , and exchange parameter A = 2xl0' 7 
erg/cm. The large negative K u forces the magnetization into the film plane. 
The small negative Ki produces ’easy’ axes parallel to the four-fold in-plane 
[HO]. 
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Domain networks in films exhibit configurational instability. So, we 
stabilize a simple network by fixing walls at their ends. This is accomplished 
by masking and implanting with He* 2 having energies (80 and 240 KeV) and 
flux (3xl0 7 cm' 2 ) sufficient to produce Af - 0 in unmasked regions. 
Boundaries made parallel to [110] stabilize domains along [110] ‘easy’ axes, 
making adjacent domains antiparallel- or orthogonal to each other, as 
illustrated in Fig. la. 



Fig . L Bloch -line and Neel 
walls between [110] easy- 
axls domains in ( 1 00) garnet 
film. Structure (a) stabilizes 
wall pattern for magnetic 
birefringence images in (b)- 
(d). (adapted from Ref. 5). 




3. Cotton-Mouton contrast and magnetic structures 

The Cotton-Mouton effect is due to magnetic linear birefringence (MLB) 
in contrast to circular birefringence for the Faraday effect. MLB causes an 
optical phase difference of transmitted polarized light due to a difference in 
refractive indices for polarizations parallel and perpendicular, to M. So, 
polarization of light on the far side of a film is elliptical in the general case 
when incident polarization is neither parallel nor perpendicular to M. In 
order to produce CM contrast, the polarizing microscope requires normally 
incident light with crossed polarizers and an adjustable optical phase 
compensator. Images presented [Figs, l(b-d) and 4a] were obtained with an 
oil-immersion lOOx I.3NA objective and 488 nm laser illumination. Domain 
Af-alignments (Fig. la) were checked with our instrument described in Ref. 
6 using Faraday contrast under oblique illumination. Curved striations in the 
background are an artifact due to the laser coherence and interference in the 
faceplate of a SIT television camera. The artifact is not associated with the 
sample or microscope optics. It does not appear in binocular view. 

The structure of a 180° Neel wall (Fig. 2a) is a continuous rotation 0 = 
±arc tan[exp(x/A)] of local magnetization with distance x from the wall 
center, where A = (A/2nM 2 ) ,/2 is the wall-width parameter. Small effects of 
crystal anisotropy Ki are neglected. This continuous model is illustrated in 
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Fig. 2. (a) Continuous rotation 
model of 180° wall near a Bloch- 
line vortex; (b) Reference frames 
x-y of laboratory and x m - y m 
rotated according to the magnetic 
vector M . (adapted from Ref. 5) 
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Fig. 2a. We may also adopt a linear structure, 0 = ±[(7ix/W)-Jt/2], in the 
range (-W/2<x<W/2) where W=rc2 1/2 A [1]. This simpler linear model is 
illustrated in Fig. 3(a) for regions above and below the Bloch line. 

To explain CM contrast one considers two eigenmodes of propagating 
light having electric vector components parallel and perpendicular to the 
local magnetization M. Thus, we transform the incident polarized light 
components (E x , E y ) referred to the laboratory frame, into components 
(E xnu , E ym ) referred to the frame of M (Fig. 2b) rotated by 0(x) about the film 
normal according to the wall model. The CM magnetic linear birefringence 
(MLB) is invoked in the frame of M to obtain the state of polarized 
transmitted light E' where it produces a phase difference 8\(/=(\|/j.-ti/| | ) arising 
at the far side of the film from the difference in velocity for the two 
eigenmodes. 



Fig. 3. Diagrams for model 
explaining magneto-optic 
patterns in vortex region of 
Fig. 1. (adapted from Ref. 5) 




For incident light E y polarized along y as in Figs. 1-3, the transmitted light 
is approximately 
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E' = E (sin 26? • x; + y) (1) 

where 5\| / = (\|/±-V|/| | )/2 = 2Tth(ni-n| | )/\ 0 and y7 = +\|/| |)/2 [4]. The factor 

sin20 reflects the quadratic effect with M. The presence of e in/2 gives the 
90° phase shift between the two components, making the light elliptically 
polarized. Whether it is right- or left handed depends on sign of the 
prefactor, sin20 Assuming 5\|/ > 0, the arrangement of spins shown in 
Fig. 3a, yields the signs shown in Fig. 3b, which in turn causes the elliptical 
polarizations in Fig. 3c. The degree of ellipticity E'/E' y depends on the 
amplitude E x plotted in Fig. 3d and fixed amplitude E\, = E y (not shown). 
The maximum amplitude E\ attributable to the factor E y 8\\i is small 
compared with E y because our 0.8pm garnet film is thin compared to the 
absorption length (a' 1 =0.5pm) and because MLB from the CM effect is 
weak, measured here as 5\|r =10' 4 rad. The solid line in Fig. 3d derives from 
the Neel wall-rotation model, inserted in Eq. (1). The dashed line is for the 
conveniently simple sub-domain- wall model (Fig. 3a) in which M wa ii has the 
discrete orientations 0 ; = (2/+l)7t/4 (l = integer) accorded to the /^-quadrant 
(Fig. 3a). 

That CM contrast is quadratic in- and directly sensitive to planar 
components M xy makes it ideal for magneto-optic imaging planar anisotropy 
films and for revealing signs of twist in magnetization of Neel-wall segments 
and positions of Bloch lines. To make maximum contrast, either (but not 
both) senses of elliptical light (Fig. 3c) are converted to linear light by 
inserting the adjustable compensator with its biaxis at 45° with respect to 
principle axes (x,y) of the ellipse. Elliptical light of one sense is converted 
to linear light by adjusting the compensator; light of the opposite sense 
becomes correspondingly more circular (Fig.3e). Finally, the optical 
analyzer set to extinguish E’ y produces the black/white 180° wall contrast 
depicted in Fig. 3f, which is consistent with the photograph in Fig. lb. 

We can apply this model to the case when the film was rotated by 45° 
[Fig. l(c,d)]. Replacing 0 by 0+45° in Eq.(l) yields the curve for E\ shown in 
Fig.3g. This indeed produces a dark wall contrasting against two adjacent 
bright 180° domains. This explains the photography of Fig. Id. Inverse 
contrast (Fig.lc) occurs when the sign of the optical compensator is 
reversed. 

Domain contrast is also observed in the case of the 45° rotated film (Fig. 
lc,d), but only between domains differing by 90°. This is because elliptical 
polarization is again induced by the MLB in any domain not oriented 
precisely along a principal axis established by the incident polarization. 
These contrast effects further certify the quadratic dependence on the 
magnetic vector M of the magneto-optic effect responsible for the wall 
contrast. 
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A quadratic MLB effect may have two origins: the ordinary Cotton- 
Mouton effect associated with exchange splitting of excited states [9], and 
the Pockels piezo-optic effect which can arise from magneto-elastic 
deformations [10]. The latter is negligible in our film for two reasons. For 
pure YIG crystals Dedukh and Nikitenko showed with their measurements 
of piezo-optic and magnetostriction coefficients, that magnetostrictive 
deformations would contribute less than one percent of the total MLB [10]. 
Also, an analysis like that of Kryder, et al [1] including effects of film 
deformations decaying into the substrate, shows that the contribution to the 
wall energy density from magnetoelastic effects in our garnet film is less 
than 1% of the total. 

4. Vortex structure and dynamic response 

Figure 5(a) gives the CM contrast image of two 90° walls crossing each 
other orthogonally. The applied field is zero. All four wall ends are fixed at 
inside corners of a Swiss cross' pattern [Ref. 5. Fig. la]. Outside the pattern 
M=0 was produced by ion irradiation. This structure allowed making the 
first direct observation of resonant motion of a magnetic vortex. Attempts 
proved less successful using the vortex in the wall network of Fig. 1, because 
walls of that structure did not have of a well-defined restoring force due a 
small permeable closure domain (not shown) at the end of the 180° wall. A 
wall's contrast in Fig. 4a depends on its M-orientation and the sign of the 
retardation due to the optical compensator. The bright Neel walls have M at 
0 = 45° and 225° with respect to the incident light (0, E y ) while the dark 
walls are at 135° and 315° . The intersection of the two 90° Neel walls is a 
magnetic vortex as illustrated schematically in Ref. 5, Fig. 1(b). Fixing the 
four ends of the wails to the inner corners, immobilizes wall ends and 
defines the wall’s restoring force. Moreover, the walls do not touch closure 
domains, making this configuration most suitable for conclusive comparison 
of experiment with theory. 



j Fig. 4. Photographs of 
intersecting 90° walls in 
(a) static and (b) excited 
resonant oscillation. 
(See text,) The scale is 
one micron per division, 
(adapted from Ref. 5) 
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Although too small to be resolved, the center of the wall junction, - by 
continuity -, must have vortex structure of a type well known theoretically 
[11] but not previously seen directly. Consider a circuit centered at the 
junction. If the radius R is large compared both to optical resolution and 
thickness of the wall A= 2' 1 7i(A/K 1 ) 1/2 ~ 0.1pm, the microscope contrast 
reveals a pattern of magnetic vectors whose angle increases by 2n. On a 
circle with R < A , 0 must also increase by 2n by continuity. In addition, 
theoretically [11], the spins deviate from the xy film plane within a radius 
(A/K u ) 1/2 of the vortex core, which in our case, is about 20 nm. At the vortex 
center a film-normal component Mj = ±M S is present. With increasing 
distance from the center M tilts and develops increasing azimuthal 
component to give the circulation about the axis. 

4.1 Resonance of vortex and 90° wall network 

The vortex and 90° wall positions are modulated by external in-plane 
fields. Figure 4 shows (a) stationary and (b) blurred images of oscillations 
faster than video time. Signals representing wall motions can be 
electronically detected through an aperture [6,8] while the frequency of a 
uniaxial in-plane field is slowly swept. The blurring in Fig. 4(b) shows 
motions driven sinusoidally at resonance by a uniaxial rf field, ~2 Oe-peak. 
Figure 5 shows wall motion response versus frequency for three field 
amplitudes, 0.9, 1.0, and 1.3 Oe-peak. The resonances observed for three 
pattern sizes making wall lengths L = 14, 28, and 35 pm occurred at 24, 
15.5, and 13 MHz, respectively. The amplitudes > 1 Oe-peak needed for 
visual detection (blurred images) are in a nonlinear response regime as 
shown by the asymmetry in response (Fig. 5) were obtained with 
photomultiplier detection and a microspot aperture [6]. The natural 
resonance (30 MHz) occurring for L = 14 pm at low drive (below ~1 Oe- 
peak) is somewhat above the 24 MHz detected from visual observation in 



Fig. 5. Photometric 
response spectrum for wall 
length L=14 pm obtained 
with a microspot aperture 
(0.5 pm) located 
symmetrically with respect 
to one of the walls coupled 
to the vortex, (adapted 
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Fig. 4a (~2 Oe-peak) where nonlinear response is evidenced by the 
asymmetric shape. An additional feature is that motion of the vortex at 
resonance appears to be circular regardless of the direction of the in-plane rf 
field. 



4.2 Slonczewski theory of vortex resonance 

Slonczewski derived theoretical resonance frequencies for this structure 
[5]. Complex coordinates i;=£+i§" describing vortex position in Cartesian 
cooridnates (£',£") give an equation for vortex motion [12] in linearized 
form 

±2 mhM s y~ l d£/dt = W"{ (2) 

where the restoring force coefficient W"=(d 2 W/dc 2 ) is derived from total 
energy W of the system. The left-hand side of Eq. 2 represents the general 
gyrotropic Magnus force F=hM s QV/y orthogonal to the velocity V [12-14]. 
Here, Q. = ±2n is the spherical angle mapped in the space of (M x , M y , M z ) by 
the vortex. The choice of ± depends on the sign of M z within the core. The 
frequency of natural resonance [5] 

v = yW”/(2x) 2 hM s (3) 

at which the vortex executes a circular orbit e ±,2nvt is found by solving 
Eq.(2). 

Slonczewski approximated W with stray-field energy arising when walls 
are displaced from equilibrium [5]. Neglecting wall curvature and changes in 
exchange and anisotropy energy, he evaluated stray fields originating from 
extra magnetic poles due to the net change of the wall-normal M-component 
across the wall. The line-charge density estimated for small £, is 
p=±2 l/2 M s h^/D where D=L/2 for the two straight line segments. With these 
assumptions Slonczewski found W'^M/h^ 'f^+SlnCD/h)] for (h/D«l) 
and computes resonance frequencies v = 34, 20, and 17 MHz respectively, 
for three wall lengths L (= 2D) of 14, 28 and 35pm used in our experiment. 
These are some 13% to 30% greater than our experimental frequencies. 
Discrepancies are believed due mostly to nonlinear shifts as exhibited in Fig. 
5. The remainder may be due to the neglect of wall bowing and stray fields 
of poles along the film edges. An areal mass density M s 2 |Ki| 1/2 /2A 1/2 | K u I y 2 
for the 90° Neel -walls [14,15], contributes negligibly to the resonance 
frequency. Thus, resonant motion in this experiment essentially involves 
precessions of just those electron spins within the invisibly small vortex-core 
region carrying a film-normal flux of only ~3% of the quantum flux, 
ch/2e=2.07xl0' 7 G cm 2 . 
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5. Magnetic vortices in permalloy nano particles 

Very recently J.P. Park and coworkers [7] reported a model schematic 
(Fig. 6a), a high resolution magnetic force image (Fig. 6b), and time- 
resolved impulse response measurements (Fig. 6c -d) on the demagnetized 
state of thin permalloy nanostructures, including discs 70 nm thick with 
diameters 500 nm, 1.0 pm and 2.0 pm. They determined by MFM imaging 
that each disc formed a single vortex in zero field. Earlier workers [17, 18, 
20] had found for thickness on the order of the exchange length and aspect 
ratios L/R between 0.1 and 0.5, that the ground state is a vortex. The vortex 
of the 500 nm disc (Fig. 6b) is seen by the bright spot in the center of the 
MFM image where a large z-component of magnetization is present. Time- 
resolved impulse response traces obtained from polar Kerr signals at this 
central spot (Fig, 6,c-d), revealed presence of both a low- and high- 
frequency mode for all three discs. The frequency of the low-frequency 
mode increases with decreasing diameter. They interpret this mode 
(occurring for example at. 0.7 GHz for the 5Q0nm disc) as corresponding to 
gyrotropic motion in the vortex region, whereas the high-frequency mode is 
due to precessions about the local internal field. They compared their low 
frequency mode with results of two theoretical models for vortex excitation 
by Guslienko and co-workers [17,19] starting from the equation of motion 



Experiment 




0 1 2 3 4 5 

Time (ns) 



Fig . 6 (a) schematic of spin distribution in a permalloy 50Onm disc 70 nm thick, (b) 
magnetic force microscope image. Traces (c-e) are time-domain polar Kerr signals at the 
center of permalloy nanodots 2, 1 and 0,5 pm in diameter (adapted from Ref, 7). The low 
and high frequency modes present are discussed in the text. 
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derived by Thiele [13]. Agreement is within 20% for the model which avoids 
poles [17] at the edges of the structure. Although our work on the analysis of 
garnet domain wall resonance in closure domain structures infers gyrotropic 
motion for the vortex, the data of Fig. 6 gives the first direct observations of 
this mode in an isolated vortex. 

6. Summary 

The use of linear magnetic birefringence (the Cotton-Mouton effect) 
allowed us to make the first direct images of Bloch lines without perturbing 
influences of magnetic particles in suspension (Bitter solution), and to make 
the first observation of resonant motion of a ferromagnetic vortex. The 
vortex is present in an easy-plane garnet film at the intersection of two 90° 
walls. Agreement between resonance frequencies and theory confirms 
Thiele's previously proposed equation of motion involving the Magnus force 
acting orthogonally to the vortex velocity. These results we obtained nearly 
two decades ago appear to give guidance to new investigations on vortices in 
permalloy nano particles. 
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Abstract Magnetic garnet films prepared by liquid phase epitaxy on paramagnetic sub- 
strates of gadolinium gallium garnet are currently used for the imaging of mag- 
netic field distributions. This application is based on the Faraday rotation which 
can be strongly enhanced by bismuth incorporation. For gray scale imaging the 
plane of the sensor film should be an easy plane of magnetization so that no 
domains nucleate. However, incorporation of bismuth induces a strong positive 
uniaxial anisotropy perpendicular to the film plane, especially if films of [111] 
orientation are used. To counteract this unwanted behavior neodymium and/or 
praseodymium are substituted in addition to bismuth. These two elements cause 
a very strong negative anisotropy. This is tested experimentally by growing series 
of garnet films with gradually changing composition and growth parameters. 

Keywords: Magneto-optics, Imaging, Garnet films 



1. Introduction 

Magneto-optical imaging (MOI) can be used for a variety of applications [1- 
4]. It is the ability to engineer garnet films at the molecular level - to control 
characteristics such as sensitivity, dynamic range, optical losses, etc. - that 
empowers the optical engineer to design versatile devices. Indicator films of 
high quality can be grown by liquid phase epitaxy on substrates of gadolinium 
gallium garnet (GGG). The Faraday rotation of these films can be strongly en- 
hanced by bismuth incorporation [5, 6]. In addition, bismuth induces a strong 
positive anisotropy in [111] oriented garnet films [7]. If gray scale imaging 
or high resolution is desired, we are bound to films with negative uniaxial 
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anisotropy, i.e. domain free films. To reduce the bismuth induced anisotropy 
additional doping with neodymium and/or praseodymium is used. These ele- 
ments induce a strong negative anisotropy [8-10]. 

2. Principle of operation 

The principle setup for magneto-optical visualization is sketched in Fig. 1. 
A monochromatic, linearly polarized light beam enters the sample at nearly 
perpendicular incidence. Reflection is suppressed by an antireflection coating 
(AR). It passes the substrate and the film, is then reflected at the mirror at the 
backside of the film and passes the film and the substrate again. Two physical 
effects influence the polarization state of the light beam emerging from the 
magnetic garnet film. The magnetic circular birefringence (MCB) leads to the 
rotation of the polarization plane by an angle 

© = L • Q sat cos (1) 

where L denotes the propagation length in the film which equals two times the 
film thickness d in a reflection type sensor, d is the angle between the film 
normal and the magnetization M (Fig. 1) and 6 sat is the maximum specific 
Faraday rotation which is achieved if the garnet film is magnetically saturated 
0? = 0 or 180°). Latter is defined as 



®sat — ko ^ > ( 2 ) 

where ko is the wave number of light in vacuum and n+ and n are the refractive 
indices of right and left circularly polarized waves, respectively. 
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Figure 3. Spectral depen- 
dence of the Faraday rota- 
tion, magnetic circular dichro- 
ism and optical absorption for 
two samples. The properties of 
the samples are described in Ta- 
ble 1. 



Owing to the magnetic circular dichroism (MCD), the transmitted light is in 
general elliptically polarized. This is the so-called Faraday ellipticity (Fig. 2) 

^ = atan(tanh(L • <fi sat cos'#)), (3) 

where <p sat = (a + — a“)/4 is the maximum specific dichroism and denote 
the absorption coefficients of right and left circularly polarized light, respec- 
tively. 

The intensity at the detector is given by the photoresponse function (PR): 

= exp(— aoT)[cosh 2 (L • (j) sat cos #) cos 2 ((3 — L • 0 sa * cos #) 

h 

+ sinh 2 (L • (f) S at cos #) sin(/? - L • @ sat cos #)], (4) 

where I^ e t is the intensity at the detector and Iq is the intensity of the incoming 
polarized light beam, olq is the intrinsic absorption coefficient defined as ao = 
(a + + a~ ) /2 and (3 is the angle between polarizer and analyzer, which is usually 
and in this article 45°. The previously described properties are all dependent 
on the wavelength and on the chemical composition of the films. The spectral 
dependencies of the Faraday rotation, the dichroism and the optical absorption 
for two samples of different composition are shown in Fig. 3. Some material 
parameters of these samples are listed in Table 1 . The influence of the circular 
dichroism on the photoresponse depends on the ratio <fisat/®sat- If it is small 
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Table 1 . Material parameters of the sensor films used 



Parameter 


Pr-sample 


Nd-sample 


Composition 


Pr0.45Bi1.05Y1.41Fe4.31 


Ndo.54Bio.54Lu1.89 




Alo.48Cao.12Zro.nO12 


Fe4.88 AI0.05O12 


Magnetization, M (kA/m) 


96 


143 


Anisotropy, Ku (J/m 3 ) 


-564 


-830 


Charact. induction, B a (mT) 


-132 


-191 


Thickness, d (/xm) 


4.5 


3.2 






magnetic induction B ± [mT] 



Figure 4 . Influence of the cir- 
cular dichroism on the photore- 
sponse. 



magnetic induction B ± [mT] 



the PR is proportional to a perpendicular magnetic induction up to saturation 
(Fig. 4). For ratios 4> S at/@sat larger than 0.2, which occurs for wavelengths 
less than 540 nm, the photoresponse is no longer single valued. For this reason 
shorter wavelengths should be avoided. 

3. Preparation of sensitive in-plane films 

For imaging applications thin films with a high specific Faraday rotation are 
needed. The specific Faraday rotation can be enhanced by substituting bismuth 
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Figure 5 Faraday rotation at 
a wavelength of 610 nm as a 
function of bismuth concen- 
tration given in formula units 
(f.u.). 



Figure 6 as a func- 

tion of the uniaxial anisotropy 
K u and the saturation mag- 
netization M s . The lines in- 
dicate the border between in- 
planc and domain films. Left 
of the lines the films will be 
in-plane. 



on dodecahedral sites of the garnet ciystal (Fig. 5). Because the bismuth ion 
is very large only a small amount can be incorporated on GGG substrates. 
Otherwise the mismatch between the lattice constant of the substrate and the 
film would become too large and the quality of the film gets worse. To increase 
the amount of bismuth in the garnet films substrates with a larger lattice constant 
have to be used. A good possibility is to use GGG substrates substituted with 
Ca, Mg and Zr (GGCMZ) which have lattice constants between 12.38X and 
12,5 lX instead of I2.38X for pure GGG. 

In addition to the enhancement of the Faraday rotation bismuth causes a 
strong growth induced anisotropy in films with [111] orientation. This is 
an unwanted behavior if in-plane films are needed, because a strong positive 
anisotropy causes the nucleation of domains. Fig, 6 shows the effective uniaxial 
anisotropy B ue ff — 2 K u /M s — / iqM s as a function of the uniaxial anisotropy 
constant K u and the saturation magnetization M s . The dashed lines indicate the 
border between in-plane and domain films for different film thicknesses. Only 
on the left side of these lines the films become in-plane. To reduce the strong 
positive anisotropy, neodymium and praseodymium are incorporated which 
cause a strong negative anisotropy. We investigated two different series of sam- 
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Nd concentration [f.u.] p r concentration [f.u.] 



Figure 7. K u versus neodymium and praseodymium concentration, respectively. 




Pr concentration [f.u.] Pr concentration [f.u.] 

Figure 8. Collapse-/saturation induction as a function of praseodymium concentration for 
different gallium concentrations. 

pies. One had the general composition (Nd,Lu,Bi) 3 (Fe,Al) 50 i 2 grown on GGG 
(Nd-samples) and the other one (Pr,Y,Bi) 3 (Fe,Al,Ga) 50 i 2 grown on GGCMZ 
(Pr-samples). It can be seen from Fig. 7 that with increasing neodymium- 
and praseodymium concentration the uniaxial anisotropy decreases and when 
it becomes negative the films are in-plane. 

To enhance the sensitivity 

d{PB) = e I a i L 
dB± B±=0 B sat 

the saturation induction B sa t of the films, which coincides with B u e f f for in- 
plane films, has to be small. From Fig. 6 it can be seen that for this purpose the 
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w inverse saturation induction 1/(B ) [1/mT] 



Figure 9. Sensitivity of different samples normalized by the specific Faraday rotation as a 
function of the inverse saturation induction. 



magnetization has to be reduced which can be done by incorporation of gallium 
and/or aluminium (Fig. 8). With this method we were able to grow in-plane 
films on [111] oriented GGCMZ substrates with saturation inductions of about 
30 mT and with a specific Faraday rotation of about 1 ° j \im at a wavelength of 
610 nm. 

Special film orientations like [112] or [210] allow more sensitive sensors of 
the easy-plane type [11]. On GGG substrates with [112] orientation saturation 
inductions down to 4.4 mT were reached. Due to the smaller lattice constant 
these samples contained less bismuth and the specific Faraday rotation is about 
0.5 °/fjbm at A = 610 nm. In contrast, domain films with very low collapse in- 
ductions can be produced much easier. As it is seen in Fig. 9 collapse inductions 
below 1 mT can be achieved leading to a high sensitivity of such films. 

4. Summary 

Iron garnet indicator films with high Faraday rotation can be obtained by 
incorporation of bismuth. To increase the amount of bismuth in the films 
substrates with large lattice constants have to be used. If in-plane films are 
needed the large positive anisotropy induced by bismuth on substrates with 
[111] orientation has to be compensated by incorporation of neodymium and 
praseodymium, respectively. To increase the sensitivity the magnetization has 
to be reduced by incorporation of gallium and/or aluminium. 
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IMPROVED MAGNETO-OPTICAL IMAGING 
FILMS EMPLOYING SURFACE PLASMON 
RESONANCE 



Vladimir Kochergin and Philip. R. Swinehart 

Lake Shore Cryotronics, Inc. Westerville , OH 43082 



Abstract Magneto-optical imagers convert magnetic field information to visual infor- 
mation with very high speed and high spatial and magnetic field resolutions. 
However, the performance requirements of the market place have gone beyond 
what older technology can deliver. Improved magneto-optical imaging films 
(MOIF) employing Surface Plasmon Resonance (SPR), present an opportunity 
to greatly enhance magnetic field imaging capabilities in science and industrial 
applications. The basis of the SPR-enhanced MOIF film and of a visualizer 
utilizing such films is the enhancement of the polarization rotation due to the 
interaction of the light with the surface plasmons excited across the MOIF film 
surface. The theory of SPR-enhancement of MOIF films was created, the 
fabrication procedure for SPR-enhanced MOIF films was developed and the 
enhancement of the imaging quality of the SPR-enhanced MOIF film over 
non-SPR-enhanced MOIF film was experimentally demonstrated. 

Keywords: surface electromagnetic waves, surface plasmon resonance, magneto-optics, 

imaging, diffraction grating, polarization, iron garnet 



1. Introduction 

Magnetic field imaging is a common technique used in nondestructive 
testing and evaluation (NDE). It has wide range of established applications, 
including nondestructive testing and damage assessment in metal structures 
via magnetic materials or induced currents, integrated circuit (IC) testing and 
quality control [1], general magnetic material and thin film research [2-5], 
permanent magnet quality control [6], superconductor research [7] and many 
others. Several different techniques are used for magnetic field imaging at 
present. For example, superconducting quantum interference device 
(SQUID) microscopes [8], magnetic force microscopes (MFM), magneto- 
resistive (MR) scanning sensors and arrays and magneto-optical imagers are 
used with varying degrees of success. However, all of these techniques have 
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certain shortcomings prohibitive for wide acceptance and solid commercial 
success. For example, SQUID microscopes while providing superior 
magnetic field resolution and sensitivity are very expensive, slow and 
require the sample to be cooled to cryogenic temperatures to achieve good 
spatial and magnetic field resolution. MR sensor-based instruments are 
generally much cheaper, while offering sufficient magnetic field resolution 
and sensitivity in some cases. However, both the spatial resolution and speed 
of such devices are poor, limiting the applications of such a technology to 
mostly currency validation. While offering superior spatial resolution, 
MFMs are extremely slow if large areas must be visualized. In addition, the 
dynamic range and magnetic field and/or electrical current resolution are 
limited. Magneto-optical (MO) based visualizers offer much higher image 
acquisition speed and good spatial resolution (worse than MFM but better 
than any other technique) [9]. 

The most common type of MO visualizer employs the magneto-optic 
Faraday effect in ferrimagnetics (for example, iron garnets [1-7, 9]). In such 
a visualizer, the magnetic field distribution is converted by the magneto- 
optical imaging film to a polarization distribution in the light beam reflected 
by the film. Visualizers, employing thin-film yttrium iron garnet (YIG) in 
the MOIF, are the most promising. However, several limitations exist in 
currently known designs. These include the lack of commercially available 
YIG material that is magnetically soft in the direction perpendicular to the 
substrate, and the overall non-optimized extinction achievable with 
published visualizer designs. Both of these problems limit the low magnetic 
field resolution and sensitivity. 

The objective of this work was to demonstrate the feasibility of 
producing MOIF with enhancement of the magnetic field sensitivity and 
spatial resolution. To accomplish this, the integration of a modified YIG 
magneto-optic film with a diffraction grating to provide coupling between 
the incident light and Surface Plasmon (SP) waves at the YIG/metal layer 
interface is proposed. 

2. Theory 

A Surface Plasmon (SP) is a non-radiative surface wave that exists at the 
interface of a metal and a dielectric [10]. In the case of a plane interface and 
both metal and dielectric media being isotropic, the SPs are transverse 
magnetic-polarized (TM) and their wave-vector satisfies the following 
dispersion equation, 

, a I £ ,n- £ d 

SP ~ cp m+ e d 

where e m and e d are the dielectric permittivities of the metal and dielectric 
media respectively. In the case of one of the media being gyrotropic, the 
dielectric permittivity is no longer a scalar, but rather a tensor, 
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where g is the gyration vector, which is collinear to the magnetization 
direction and has a unique value for any given material and wavelength. The 
analytical problem of finding the dispersion relation and field amplitudes for 
the SP on the boundary of gyrotropic media with arbitrary orientation of the 
magnetization is quite complex and in general requires numerical 
calculations. However, this problem can be reduced to separate simpler 
problems when the magnetization of the magnetic medium is oriented 
perpendicular to the boundary, parallel to the SP propagation direction, and 
perpendicular to the SP propagation direction but parallel to the boundary 
(see Fig. 1). 




Figure 1. Orientations of the SP wave vector and YIG magnetization direction: 
a) meridional, b) polar, and c) equatorial. 



For example, let’s consider the case of the magnetization parallel to the 
SP propagation direction (Fig. la). Then, the dispersion relation for the SP 
will have the following form: 
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where the MO-active medium is medium 1 and the medium on the other side 
of the SP-supported boundary is medium 2, the abbreviations for the wave 
vectors in both media (the coordinate system was chosen such that the Z-axis 
is perpendicular to the boundary) are: 



ks^M/cy-ki 



k'?=4e m -(olcf -k 2 sr . 
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Here e± (1) are the dielectric constants for right-hand and left-hand circular 
waves in medium 1. It follows from the dispersion relation that in the case of 
a non-zero magnetization component in the direction of SP propagation, two 
solutions of the dispersion equation in the form of left-handed and right- 
handed elliptical waves exist. In the case of at least one medium being 
gyrotropic, a transverse electric (TE) component of the SP arises. The ratio 
of TE component to the transverse magnetic (TM) component of the SP 
electric field vector (which can be attributed to the SP polarization) at the 
boundary will be 




. (mlc) 1 2g 

' 4-*“ > ' 4 •*»> *;">+*»> 

where 




Let’s consider the case of the magnetization being perpendicular to the 
boundary (Fig. lb). It is known that in the MO-active medium two different 
solutions of the Maxwell equations exist in the form of two linearly 
polarized waves with polarizations orthogonal to each other and with 
refractive indices: nx = ((e 111 ) 2 - g 2 )/e (1) and n || 2 = c 1 1 ' . Hence, the SP will still 
be the solution of the dispersion relation 




Since SPs are non-radiative surface waves (i.e., A S1 > > k m ,k ( \ 
additional moment is usually added to the light to excite an SP through either 
broken total internal reflection (Otto’s and Kretchmann’s prism-based 
schemes) or via a diffraction grating. When the conditions of a wave vector 
of the incident light is matched to the wave-vector of the SP supported by 
some interface, the phenomenon known as a Surface Plasmon Resonance 
(SPR) occurs, which manifests itself in the modification of the reflected 
wave amplitude [10-11]. In addition, a strong enhancement of a local 
electromagnetic field near the SP-supporting boundary occurs. This 
enhancement depends on the particular structural parameters and can be up 
to several orders of magnitude. 

In the case of the one of the SP-supported media being MO active, 
strong enhancement of polarization rotation was observed [12-13]. The 
physical explanation of this effect from our point of view is as follows: 
Since the MO Faraday effect has a clear light-molecule interaction origin, 
the value of the Faraday rotation through a unit length of a medium placed in 
a magnetic field will be proportional to the “light-to-molecule interaction 
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rate”, which is proportional to the local value of the electromagnetic field of 
light in the location of the molecule. Thus, when a MO-active optical 
material is placed at the interface supporting the SPs, the local 
electromagnetic field near the interface will be strongly enhanced, causing 
an enhancement of the MO effects. In particular, polarization rotation of an 
electromagnetic wave reflected from the SP-supported boundary in the case 
of the magnetization being collinear to the SP-propagation direction will be 



proportional to the following term: 



co 



1 






4 • k: } k^+k, 



(0) . td) ’ Ksp 



where K S p is 



a field-enhancement factor calculated at zero magnetization, which can be, 
as was described above of several orders of magnitude. 

Let us consider the grating-based 
SP-excitation scheme (Fig. 2). SP will 
cause polarization rotation when the 
magnetization of the YIG is collinear 
to the & S p (i.e., in-plane and directed 
perpendicularly to the grating 
grooves), when illuminated at normal 
incidence. Moreover, the value of the 
polarization rotation at saturation will 
be enhanced with respect to the 2Q f d 
value, where d is the thickness of YIG 
film and 0f is the Faraday coefficient. 

If employed in a visualizer, a MOEF 
SP device would be beneficial since 
the overall signal can be up to an order 
of magnitude stronger, thus making it possible to extend the low detection 
limit of the visualizer by the same factor. The SP-enhanced rotation is 
generated by the YIG film area within -200 nm from the YIG/corrugated 
metal boundary for the 633 nm wavelength, so the YIG film does not have to 
be thick to provide strong signals. This yields the opportunity to visualize 
small in-plane fields with very high spatial resolution (approximately equal 
to the YIG film thickness), exceeding 200 nm for red light. 




Figure 2. Simplified drawing of the 
MOIF utilizing the SP enhancement. 



3. Experiment 

An SPR-enhanced MOIF, as designed and fabricated, is schematically 
shown in Fig. 3a. It consisted of thin (0.5-3 |Lim) YIG film liquid-phase 
epitaxy (LPE) grown on a gadolinium gallium garnet (GGG) substrate, an 
antireflective (AR) coating on the GGG side of MOIF, a thin corrugated 
layer of Si0 2 and a thin film of Ag (100-200 nm). Thin YIG films were 
grown by Northrop-Grumman Polysciences Division. They exhibited 
perpendicular magnetic anisotropy. The coercivity was below 200 mOe for 
most of the samples. The MO rotation exceeded l°/|iim at 633 nm 




342 



wavelength. The layer of RF-sputtered Si0 2 was used as an antireflection 
coating. A diffraction grating of the suitable period was first 
photolithographically defined in photoresist layer and then transferred into 
Si0 2 by RIE (was found to be selective to YIG). The metal layer was then 
RF-sputtered onto the grating, 
a) b) 




Figure 3. a) schematic drawing of the SPR -enhanced MOIF; b) Schematic simplified drawing 
of the polarizing microscope-based visualizer: 1 — Light source (laser diode or lamp); 2 — 
polarizer; 3 - beam splitter; 4- microscope objective; 5 - MOIF; 6 - sample under test; 7 - 
analyzer, 8- video camera or imaging optics for visual observations. 



The imaging experiments were performed in the polarization 
microscope, schematically shown in Fig. 3b. In most of experiments, 
halogen lamp was used as a light source in conjunction with an orange band- 
pass filter placed between the lamp 1 and a first polarizer 2. 

To demonstrate the feasibility of the SPR-based technique, visualization 
of domains and domain walls was used. The SPR-enhanced image in Fig. 
4a) was obtained when the polarizer was oriented such that the light incident 
on the sample had TM polarization and the analyzer position was adjusted to 
obtain maximal contrast of the image. The non-SPR enhanced image in Fig. 
4b) was obtained when the polarizer and analyzer were set in the same 
positions as before, while the MOIF was rotated by 90° on a precise rotation 
stage so the polarization of incident light became TE. The enhancement of 
the contrast caused by SPR is clearly seen. The cross-sections of both images 
made perpendicular to the domain wall are presented in Fig. 4c). Both curves 
were shifted on the vertical intensity scale in order to be distinguishable. 

With the SPR structure, not only was the contrast of the domain wall 
image enhanced, but also the width of the domain wall image became 
smaller. This effect is explained as follows: The depth of focus of the optical 
microscope with a lOOx objective was smaller than the YIG film optical 
thickness, which is 2.3 times larger than the physical thickness of 2.8 pm. In 
the non-SPR enhanced case, this caused the superposition of the polarization 
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Figure 4. (a) SPR-enhanced and (b non- 
S PR -enhanced) images of the domain 
wall in perpendicular YIG; (c) cross- 
sections of both images made 
perpendicular to the domain wall. 



c) 




10 20 30 40 

x, pm 



rotation from the entire YIG film thickness, thus making the domain wall 
image considerably wider than it is in reality. With SPR enhancement, it was 
possible to focus the microscope right on the YIG- metal interface where 
most of the signal was generated through SPR enhancement. This 
provided a much higher contrast image of the domain wall with the 
visualized spatial dimensions much closer to the actual domain wall width. 
Hence, it can be concluded that the feasibility of the improvement in spatial 
resolution through utilization of the SPR-enhanced MOIF was demonstrated. 

The absolute value of the contrast enhancement was determined using a 
different experimental procedure. Two images of the intersection of the 
domain and grating boundary were made. The image in Fig. 5a) was 
obtained by adjusting the polarizer and analyzer positions to visually 
maximize the contrast of the domain boundary within the grating area while 
the image in Fig. 5b) was obtained by adjusting the positions of polarizer 
and analyzer to maximize the contrast outside the grating area. Fig. 5c) 
shows the cross-sections of both images perpendicular to the domain 
boundary. The magnetic image contrast enhancement achieved was ~30%. 

Although more thorough optimization of MOIF parameters is possible, 
the contrast enhancement obtained is quite impressive considering that ~5.5 
pm of YIG contributed to the non-SPR image contrast, while only about 100 
nm of YIG contributed to the S PR-based contrast enhancement. Hence, even 
with the enhancement factor obtained, MOIFs using a 100 nm-thick YIG 
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Figure 5. Images of the domain and grating boundary intersection: (a) Polarizer and analyzer 
are oriented to maximize the domain boundary contrast within the grating area and (b) outside 
the grating area, (c) Cross-sections of both images made perpendicular to the domain 
boundary. The dotted curve is the cross section of the domain wall image outside the grating. 
The arrows measure the approximate average intensity differences between the two sides of 
the domain wall near the edge of the grating and outside the grating. 

layer will provide the same contrast as a 1*2 pm non-SPR -enhanced MOIF 
and provide 6 times stronger signal than 200 nm thick non-SPR-enhanced 
MOIF* This is important for spatially small magnetic field imaging* 
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